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A theoretical model to simulate an end-pumped CW Nd31:GdVOy4 laser at 1063 nm is presented. Its essence is

to use the propagation equations to demonstrate the spatial evolutions of the pump and the laser powers in the cavity,

hence it is applicable to both low and high gain lasers. The simulation results obtained by this model are in good

agreement with the experimental observations reported in the literature for a Ti:sapphire-pumped Nd3+:GdVOy laser.

Moreover, some parameters, such as the reflectivity of output coupler, the spot size of laser beam and the crystal length,

are discussed with a view to optimizing the laser performance.
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1. Introduction

Nd3+:GdVO, laser crystal with a space group
D}) — I44, and, a isomorph of Nd*T:YVO,, were
first introduced by Russian and German scientists
in 1992.11 Both Nd3t:GdVO, and Nd3T:YVO, crys-
tals have a higher absorption coefficient at 808 nm
and larger emission cross section than a Nd3t:YAG
crystal,[®3] but the advantage of Nd*T:GdVOy crys-
tal is that its thermal conductivity is twice higher
than that of Nd>*:YVOy crystal, 11.1W-m~!1-K~! in
(110) direction,* which is comparable with that of
a Nd3T:YAG crystal. An additional advantage of
Nd3*:GdVO, is the accidental degeneration of the
two Stark components of emitting level *Fj /2, and
thus all the population of this level can serve for laser
emission.'=3] Such unique spectroscopic and ther-
mal properties make Nd®+:GdVOy crystal a promis-
ing substitute for Nd>*:YVO, and Nd®>*:YAG in end-
pumped compact solid-state lasers.

It is well known that Nd3* ion has multiple al-
lowed transitions from the metastable level 4Fy 2 to
Stark sublevels of the lower-lying energy levels 415 /25
111/ and 419/2,[5’6] leading to potential laser radia-
tions around 1341, 1063, and 912 nm in Nd3*+:GdVO,
crystal, respectively. Because the 1063-nm laser oper-
ates in a four-level system and the laser emission cross

end-pumped, Nd3T:GdVOy,, 1063 nm laser

section at this wavelength is larger than at the other
wavelengths, the laser at 1063 nm is easy to obtain.
Over the last few years, remarkable progresses have
been made in developing highly-efficient end-pumped
CW Nd3*:GdVO, lasers at 1063nm.[7—11]

In this paper we present a complete numerical
simulation for the performance of an end-pumped
CW Nd3*:GdVO, laser at 1063 nm.
tion results are compared with the published exper-

The simula-

imental results, and on this basis, we discuss the pa-
A an-
alytical model for end-pumped CW Nd-doped lasers

rameters to optimize the laser performance.

has been proposed.'>'3] In the model, by using the
space-dependent rate equations and spatial distribu-
tion functions of the pump energy and the laser pho-
tons, many important laser performance parameters,
such as the threshold and the slope efficiency, can be
given in the analytical form; but the laser power in
the cavity is regarded as a constant, which is only
appropriate to describing the behaviours of low gain
lasers. Compared with their model, our model adopts
the method of combining a rate equation and prop-
agation equation'*1 to describe the laser perfor-
mance and use point-by-point and iteration method
to numerically solve the equation group.['S! Because
the propagation equations can demonstrate the spa-
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tial evolutions of the pump and the laser powers in
the cavity, our model is more accurate to describe the
behaviours of high gain lasers. For example, when the
incident pump power is high as 10W, the calculated
laser power has a gain of 11.4% in the cavity. The
aim of this paper is to obtain a better understanding
of the kinetic behaviours of this kind of laser and then
to provide significant guidelines for designing highly-
efficient end-pumped CW Nd3*:GdVO, lasers.

2. Theory

A general energy-level scheme for the model de-
Two (kinds of)
pumping schemes, i.e., direct pumping at 879 nm and

scribed here is shown in Fig.1.

indirect pumping at 808 nm can be used to pump
Nd3* ions into 4F3/2 level, respectively. The 1063-
nm Nd3+:GdVOy laser operates through the 4F3/2 —
4111/2 transition.
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Fig.1.
crystal.
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Fig.2. Schematic of an end-pumped Nd3+:GdVOy laser.

The schematic of an end-pumped Nd3+:GdVOy,
laser is shown in Fig.2. The z-axis is the optical axis
with its origin at the front facet of the crystal. In
our model, we assume that the transverse modes of
the pump and the laser beams are TEMy, Gaussian

beams with a negligible diffraction in a gain medium,
which present a rotational symmetry about the z-axis.
So we adopt cylindrical coordinates (r,z) where the
variable r is the transverse radial coordinate. Possible
effects of spatial hole-burning will be neglected, and
it is assumed that the pump light passes through the
laser medium only once. For TEMyy Gaussian beams,
the pump and the laser intensities can be written as

Iy(r,z) = ii‘;ge_

r2
z

2
iR 1)

and

2 [PS+(Z) + Ps_ (2)] ef wi2r2

L{r.2) = Tw2(z)

where P,(z) is the pump power at location z in the
cavity, P (z) are the laser powers at z, in which su-
perscripts + and — represent the forward and the back-
ward directions respectively; w,(z) and ws(z) are the
radii of the pump and the laser beams at z, respec-
tively, and they are defined in the same form

2) 1/2
wi<z>wm{1+{w} } REY

™mwd,

where i=p, s; w;o is the beam radius at waist z = zg;
A; is the wavelength; n; is the refractive index of the
crystal at the corresponding wavelength. Generally,
when the crystal is several millimetres in thickness,
the variation of the beam radius in the crystal is quite
small so that the approximation, w;(z) & w;g, adopted
in our model is reasonable.

2.1. Direct pumping at 879 nm

In a direct pumping scheme, Nd3* ions are ex-
cited to the upper laser level *Fj/, directly from
the lowest Stark component of the ground mani-
fold *Iy/,. By using the Judd-Ofelt theory!!™:18l
with the phenomenological spectral parameters of
Nd3+:GdVO4['?! as well as the nonradiative relaxation
theory with the nonradiative parameters of YVO,,[2"]
the lifetime of the lower laser level “Ij; /5 of Nd** in
GdVOy4 has been calculated by us to be only about
600-900 ps.

in 4111/2 rapidly relax to the ground state. So for

This lifetime is so short that the ions

the four-level system, Nd37 ions can be considered to
populate only in the ground manifold 41, s2 and the
upper laser level 4F; /2, of which the population den-
The
space-dependent steady state rate equations can be

sities are denoted as N; and N, respectively.

written as
dN2 N2

Tl NiWia — NoWay — NgRewn — — =0,  (4)
t T
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and Pf(z=0)=R P (2=0), (14)
N1+ Ny = Ny, (5)
and
. 3+ . .
where Ny is the total Nd°"-doped concentration, 7 is P (z=1)=RoPF(z =1), (15)

the lifetime of *F3 /5, Wiz and Wa; are the stimulated
absorption and emission transition rates at a pump
wavelength A, Rer, is the stimulated emission transi-
tion rate at a laser wavelength Ag, they are expressed

as I ( )
Wio — 2P Ty Z)0abs 6
12 th ) ( )
I,(r,z)o
Wy = 2020 7
21 th ) ( )
and Lir.2)
S lr’ z O—em
Repy = 220 2)%em 8
€ hVS ( )

with o.bs and o, being the effective absorption and
the effective emission cross sections at A, respectively,
oem the effective emission cross section at Ag, and hvy, ¢
the photon energies at Ay .

The propagation equation for the pump beam is

dpP,(z)

S - R [ i = Narg)

X p(r, 2)2mrdr — 6, Py (2). (9)

The propagation equations for a bidirectionally
propagating laser beam are
AP (2)

Tc
—S L =4 Psi(z)/ Naoomps(r, z)2mrdr
dz 0

F 0P (2), (10)

where r. is the transverse size of the laser medium,
0p and ds are the background losses for the pump and
the laser beams respectively. And we assume that the
losses exist only in the laser crystal and are taken as
zero in an air cavity region. In the following calcula-
tions, 0, = s = ¢ is adopted. ¢, (r, z) and pg(r, 2) are
the Gaussian distribution functions for the pump and
the laser beams respectively, and they are given by
2 2
2 67“2127(2) 2 eii%t), (11)

w?(z) T W,

where i=p, s. And from Eq.(10), a simple relationship
can be derived

Pr(z) P () =C, (12)

where C is the constant that is independent of the
spatial coordinates r and z.

Boundary conditions are required for the solu-
tions of Eqgs.(9) and (10):

By(z=0) = P, (13)

where P, is the pump power incident upon the front
facet of the laser crystal, [ is the crystal length, R; and
Ry are the reflectivities of the front facet of the crys-
tal and the output coupler at 1063 nm, respectively.
From expressions (12) and (14), we have

[P (2 = 0))

F(z) = RP()

A (16)
which can be substituted into expression (2) to elimi-
nate the P, (z) term. From expressions (12), (14) and

(15), boundary condition can be rewritten as

Pf(z=0)= P (2 =1)\/RiRs. (17)

In the calculations, we divide the crystal into
quite a number of slices along the z-axis, and the size
of each slice dz is small enough such that the assump-
tion holds true that the pump power P,(z) and the
laser power P;"(z) are constant in each slice. If the
powers P,(z) and P;"(z) at location z are known, we
can obtain the population densities at (r, z) by solving
the steady state rate equations, and then the powers
at next location 2z’ = z 4+ dz, P,(z') and P, (2'), can
be determined by solving the propagation equations
with the fourth-order Runge—-Kutta method. Accord-
ing to this principle, with an initial value for laser
power P;"(z = 0) assumed, the laser power P (z = 1)
at location [ can be obtained eventually. If the re-
lationship between P."(z = 0) and P}*(z = l) ac-
cords with the boundary condition (17), the value of
P (z =1)(1 - Ry) is the output power. Otherwise we
will change the initial laser power P;"(z = 0) until the
boundary condition is achieved.

2.2. Indirect pumping at 808 nm

In an indirect pumping scheme, Nd3* ions are
excited to the 4F5/2 level and then populated to the
ip, /2 level through a very fast nonradiative process.
The theory of indirect pumping is the same as that
of direct pumping except for the rate equation for N
and the propagation equation for pump beam because
of the absence of the stimulated emission at the pump
wavelength. They are given by

dNy No

—— = NiWis — NoRery, — — =0, (18)
dt T
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=— Pp(Z)/o 4 N1Cabsp (1, 2)2mrdr

— 6pPp(2). (19)

2.3. Threshold

In most cases it is necessary to calculate the
threshold pump power. The round-trip threshold gain
G'th, namely the round-trip loss of the cavity, is usu-
ally given by

Gth =In

1
261. 20
R1R2 + ( )
In our model the round-trip gain G for a laser
beam can be determined by

l Te
G= 2/ / No(r, 2)0emps(r, 2)2mrdrdz. (21)
0o Jo

In threshold calculations, Is(r,z) = 0. Make P,
variable, and the value of P, for G = Gy, will corre-
spond to the threshold.

3. Comparison with experimental
results

Lupei et all'' have obtained a highly-efficient

1063-nm CW laser emission from in Nd3+:GdVO, lon-
gitudinally pumped by Ti:sapphire 808 and 879 nm
lasers, respectively. In this section we compare the
numerical results of our theoretical model with their
experimental results. The parameters used for numer-
ical calculations are cited from Ref.[11] and listed in
Table 1. It should be noted that the background loss

Table 1. Parameters used for numerical simulations.

parameters values

No 6.049%10'° cm ™3 (0.5 at%)
l 3mm

Ry 99.8%

R» 97%, 95%, 80%
) 1.3m~?

wpo 25 pm

Ws0 90 pm

Tc 1.5 mm

§ is the deduced value based on 281 = 0.8%.1Y
Other parameters used for simulations are as follows:
7 =92u8, 0o = 10.3 x 107 cm?, o, = 2.5 x

107 cm?, Y and 0,1, (808 nm) = 5.36x 10712 cm?, 2l
and oaps(879nm) = 2.7 x 10719 cm?.[11

The plots of the calculated laser output power at
1063 nm versus incident pump power under direct and
indirect pumping are shown in Figs.3 and 4, respec-
tively, together with a comparison with the experi-
mental results. It can be seen that the theoretical and
the experimental data are in rather good agreement
with each other. Under the direct pumping and the
indirect pumping, the slope efficiencies are quite high
with transmission T of the output coupler varying
from 3% to 20%. Under direct pumping at 879 nm and
T = 20%, the calculated slope efficiency for the inci-
dent pump power 7, reaches up to 78.8%, and the out-
put power reaches 1.39W for a 1.8W incident power,
corresponding to an optical-to-optical efficiency 7, of
77.2%; while in the case of 1.8W indirect pumping at
808 nm, 7y drops to 73.4% and 7, to 72.2%. Com-
pared with the indirect pumping, the direct pumping
enhances the quantum defect ratio between the pump
and laser wavelengths,??l so the slope efficiency for
the absorbed pump power under direct pumping is al-
ways higher than under indirect pumping. But when
the slope efficiency for the incident pump power is
concerned about, direct pumping is not always better
than indirect pumping.[?3l In the present laser condi-
tions the slope efficiency for the incident pump power
under direct pumping is higher than under indirect
pumping by comparing Fig.3 with Fig.4, so in the fol-
lowing calculations we will adopt the direct pumping

scheme.
1.5
1 Exp. Cal. )
1 7=20% o - ©
—T=5% ® ---- ‘..o o//
1 T=3% o Ns=78.8% ¢ o
Z 104 RS
5 \
% 1s=69.3%
2,
-
j]
o,
£
=
o
—————

Input power/W

Fig.3. Laser output power versus incident pump power
under direct pumping, where theoretical and experimental
results are shown by lines and spots respectively.
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We have investigated the pump threshold versus the
reflectivity as shown in Fig.7. A larger value of R,
leads to a lower threshold. For Ry = 80% a calculated
= threshold of 38mW is consistent with the experimen-
~
g tal result 31mW.["1] In the following calculations, the
2 value of Ry is 80%.
-
2.
g 1 2 -
© Pp=15W ____ ar—1—s,
i i/i h\i
g \
= 4 '
0 T T T Z 0.8 / _
0 0.5 1.0 1.5 2.0 = . P=10W o ——ooseoy
5 / o7 3,
Input power/W 3, 47 T i
5 / 7
Fig.4. Laser output power versus incident pump power é" 0.4 E/
under indirect pumping, where theoretical and experimen- e} A
- < ) ines , ) . i / Pn=04W " 000
tal results are shown by lines and spots respectively. | /u o © %
o=
i o
0 7 -! O/l T T T T
4. Optimization of output power 0 02 04 06 08 10
R>

The agreement between the calculated and the
published experimental results enables us to verify the
theoretical model presented in this paper for an end-
pumped 1063-nm CW Nd3*+:GdVOy, laser. In this sec-
tion, therefore, we use this model to discuss the pa-
rameters including the reflectivity of output coupler,
the spot size of laser beam, and the crystal length
for optimizing the laser performance. The parame-
ters used in the following calculations are the same as
those in Section 3 unless otherwise stated.

4.1. Reflectivity of the output coupler

Figure 5 shows the curves for laser output power
versus the reflectivity Ro of the output coupler for dif-
ferent incident pump powers. All the curves decrease
obviously in the high- and the low-reflectivity regions.
It can be seen that there exists an optimal value of
R5 for each incident power which can maximize the
output power, and this optimum shifts to lower val-
ues with the increase of the incident power. Figure
6 shows the optimal reflectivity Raopt as a function
of the incident power. In Ref.[11] the maximal in-
cident power was 1.7W and the values of Ro: 97%,
95% and 80%, were used respectively. The laser had
a best output for Ry = 80%, which is close to our
calculated Ry opt of 76%. Here, although the incident
power reaches 20W, the aim of the present paper is
to find out approximate relationships between various
values of laser parameters, so the thermal effect re-
sulting from the high power is not taken into account.

Fig.5. Curves for laser output power versus reflectivity Ra of
the output coupler for different incident pump powers.

1.0
1
0.9 \O
|
R
RS
hS
\O
0.7 1 \)\O
.
O\O
0.6 1 T T T T \O‘T
0 5 10 15 20

Input power/W

Fig.6. Optimal reflectivity R2opt of the output coupler
as a function of the incident pump power.

4.2. Spot size of the laser beam

The spot sizes of both the pump and the laser
beams are important parameters because they deter-
mine the spatial overlap between the two beams in
an active medium, and hence they can influence the
threshold, slope efficiency and laser output power. In
this section, we make the spot size of the pump beam
unchangeable (wpo=25pm) and define the spot size
ratio a = wso/wpo, and then investigate the influence
of o on the laser performance.
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Figure 8 illustrates the behaviours of the slope ef-
ficiency and threshold each as a function of a. The
slope efficiency rapidly increases with « as a < 0.9,
and then this trend sharply diminishes with the slope
efficiency approaching a constant of 79% as a exceeds
0.9. This effect can be interpreted as follows. As the
laser spot size becomes larger, the laser mode volume
has a larger overlap with the pump volume, leading to
a more efficient extraction of the pump energy and
hence a higher slope efficiency. However, once the
size of the laser beam is larger than that of the pump
beam, the activated area will be completely covered by
the laser mode. And the pump energy can be maxi-
mally converted into laser energy, and thus the slope
efficiency becomes approximately independent of the
spot size of the laser beam. As for the threshold, it in-
creases with «, and by simple calculation one can find
that the threshold is linearly varied with o2, which ac-
cords with the analytical result given in Refs.[12] and
[13].

5]
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Fig.7. Pump threshold versus reflectivity R2 of the out-
put coupler.
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Fig.8. Slope efficiency and threshold each as a function
of the spot size ratio a.

Figure 9 shows the curves for laser output power
versus « for several incident pump powers, from which
we can more intuitively see the influence of a on the
laser performance. For each incident pump power, the
output power is initially a rapidly increasing function
of a, which can be interpreted by the rapid increase of
the slope efficiency in Fig.8. There exists an optimal
ratio aepy to maximize the output power. When it is
larger than the optimum, « gives rise to only a minor
decrease in output power. This fact is consistent with
the phenomenon revealed by the dependences of the
slope efficiency and the threshold on « (see Fig.8).
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Fig.9. Curves for laser output power versus spot size ratio
« for several incident pump powers.
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Fig.10. Optimal spot size ratio aopt as a function of the
incident pump power.

The optimal ratio a,pt is an ascending function of
the incident pump power as shown in Fig.10. However,
this kind of ascending trend diminishes and eventually
aopt tends to a constant independent of the incident
power. This effect is obviously related to the depen-
dences of the slope efficiency and the threshold on the
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ratio o as shown in Fig.8. In the present laser system
Qopt tends to 1.356, namely the optimal spot size of
the laser beam is 34 ym under a stronger pump power.
By utilizing Fig.10 it is easy to determine the optimal
laser spot size for a given pump power, which is help-
ful for obtaining a guideline for designing the laser
resonator.

4.3. Length of the crystal

Figure 11 shows the curves for laser output power
as a function of the crystal length for different inci-
dent pump powers. In the calculation the experimen-
tal data wpo = 25 pum and wgy = 90 pum have been
used, namely a = 3.6. The curves exhibit that their
shapes are the same on the whole. When the crys-
tal length is very short, the output power increases
steeply with the increase of the length, during which
the pump power is not fully absorbed. The output
power reaches a maximum corresponding to an opti-
mal crystal length, which occurs when nearly all the
pump power is absorbed. From calculations we find
that the pump power is absorbed over 99% at the op-
timal length. The output power has a nearly linear
decrease at the crystal lengths in excess of the opti-
mum. Relative to the optimal length, the extended re-
gion of the crystal cannot be sufficiently activated to
establish population inversion by the residual pump
energy, which just results in the reabsorption of the
signal light.

I./ij.l.l...'. — .
104
] IID/“ADDDEDDD*D—D\E
= / —=—20W
< 1° ——10W
o ——15W
% —0—0.5W
o, YIS ». .
- 14 o T e
2 ] /
g ]
5 4
o 1° $00T00G O
jou —_—
{4
/
0l+———T 77—
0 5 10 15 20

Crystal length/mm

Fig.11. Curves for laser output power as a function of
the crystal length for several incident pump powers.

In calculation for Fig.11, the spot size ratio « is
fixed at 3.6. In fact, the optimal crystal length lop is
related to « as can be seen from Fig.12 which shows

that the value of [,y has a minimum when « is near
to the unity. It can also be seen that [y is 3.32 mm
as « is 3.6, so it is basically appropriate to employ the
Nd?*+:GdVOy, crystal of a 3 mm in length in the lasing

experiment by Lupei et al.['!]
5571 %
A\ —0— Pyp=20W
5.0 l —A— Py=15W
£ 4.5 Q
E ©
~
L
< 4.0 l
3.51 L\ /a
\ —
oo
3'0 T T T T T T T T T T T T T T T T T T T T
0 1 2 3 4 5
[e3

Fig.12. Curves for optimal crystal length lopt versus spot

size ratio a.

In addition, we find that for a given a the opti-
mal length /o, seems to be independent of the incident
pump power P, for Nd*+:GdVOy crystal, which is dif-
ferent from the general cases, i.e. [op¢ shifts to larger
values with the increase of P,. As shown in Fig.11,
the optimal lengths have the same value of 3.32 mm
for pump powers: 0.5, 1.5, 10 and 20W. Even when
P, increases up to thousands of watts, the calculated
optimum is still 3.32 mm. The reason for this is that in
the model we neglect the population of the lower laser
level 41, /2 due to its very short lifetime. In this case,
the population of the ground state is hardly influenced
by the increase of Py, provided that the lasing action is
intense enough, so the crystal may keep rather strong
absorption for pump beam and I, does not lengthen
with P,. But when the effect of 4111/2 population is
taken into account and P, is high enough, 41, /2 will
have a considerable population though it has a very
short lifetime, which will decrease the pump beam ab-
sorption, and hence a longer optimal crystal length is
required for a higher incident pump power. To verify
this explanation, we consider the population effect of
4111/2 by assuming its lifetime to be 1ns, and here
the calculated lop¢ is found to be 3.42mm for an inci-
dent power of 1000W and 3.78 mm for 5000W by using
our model. For pump powers under several hundred
watts, however, the l,p¢ value almost maintains invari-
able. So when the incident pump power is very high,
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it is necessary to consider the population of the lower
laser level 4I11/2.

More investigations on the diode-pumped CW
Nd3+:GdVO, lasers have been carried out in recent
years.["=19] If the realistic beam mode of the pumping
diode laser (not TEMyy Gaussian because of the poor
quality of diode laser beam) is taken into account, our
model will still hold for the case of diode-pumped CW
Nd3+:GdVO, lasers.

5. Conclusions

A theoretical model to simulate an end-pumped
CW Nd3*:GdVOy laser at 1063nm has been devel-
oped. Its essence is to use propagation equations to
demonstrate the spatial evolutions of the pump and
the laser powers in the cavity, and this model has been
verified by the experimental data for a Ti:sapphire-
pumped Nd3*:GdVOy, laser published in the litera-

ture. By using the model we have investigated the

influences of the laser parameters on the laser perfor-
mance, such as the reflectivity of output coupler, the
spot size of laser beam as well as the crystal length.
The optimal parameter values have been determined.
For example, the optimal reflectivity of output coupler
is around 80% when pump power is less than 2W; the
optimal spot size ratio between the pump and the laser
beams is about 1.356 for a 3 mm long crystal and the
optimal crystal length is about 3.32 mm for a spot size
ratio of 3.6. The model presented in this paper could
be applied to the study on various end-pumped CW

laser emissions.
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