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Study of energy-transfer upconversion in laser crystals at hlgh inversion densities
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Abstract
The influence of energy transfer upconversion
(ETU) on diode-end-pumped actively Q-switched
lasers is investigated by the space-dependent rate
eqguation analysis. The numerical analysis
reveals that as a consequence of the ETU effect
there is an optimum pump size for producing the
largest pulse energy and a different optimum
pump for yield the highest peak power at a given
pump power. The practica example of the
diode-pumped actively Q-switched Nd:YAG
laser has been performed to verify the present
model.
Keywords: fractional thermal loading, energy
transfer upconversion, Q-switched,
Nd:YAG
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Diode-pumped solid-state lasers have been
shown to be efficient, compact, and reliable
al-solid-state optical source.
Neodymium-doped laser crystals are widely used
in diode-pumped solid-state lasers. Recently,
the space-dependent rate equations were used to
analyze the performance of diode-pumped
actively Q-switched lasers [1]. The theoretical
results showed that the output efficiency
increases as the pump spot size decreases.
However, this conclusion is contradiction to the
experimental result for Nd-doped lasers because
the effect of energy-transfer upconversion (ETU)
was not included in the analysis. The ETU
process has a significant influence on the
population mechanisms for the Nd-doped laser
crystals with high excitation density [2-10].
Since a smaller pump size leads to a higher
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excitation density during low-Q segment of the
cycle, the influence of ETU should be considered
to find the optimum pump size in a
diode-pumped actively Q-switched laser.

In scaling end-pumped lasers to higher power,
the fiber-coupled laser-diodes with circular beam
profiles are often used as pump sources because
the high power diode lasers are very asymmetric
in their emitting aperture dimensions [11,12].
In this work, we developed a theoretical model to
consider the influence of ETU on the
performance of fiber-coupled diode-end-pumped
actively Q-switched lasers.  With the numerical
analysis, we investigated the optimum pump

sizes for maximizing pulse energy and
maximizing peak power, respectively. The
practical example of NA:YAG laser was

considered to confirm the analysis of the present
model.
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Although the space—dependent rate equations
were used in ref. [1], the dependence on the
longitudinal axis z was neglected. For
end-pumped lasers, the population inversion
density is not only a function of radial coordinate
r but also a function of zbecause the pump light
intensity in the gain medium is attenuated along
the axis z. To take the z-dependence into
account, the rate equations during the high-Q
segment of the cycleis modified as[1]
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where f (r,z,t) is the intracavity photon
density, n(r,z,t) is the population inversion
density, s is the stimulated emission cross
section, cis the speed of light in medium, and &

isthe round trip time, gis the inversion reduction
factor, L is the round-trip loss, and R is the



output reflectivity.

Assuming the intracavity photon density to
be a Gaussian distribution during the entire
formatting process of the Q-switched pulse, the

intracavity photon density f(r,z,t) can be
given by [1]
€ 2r2u
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Here Z is the position of the beam waist and
the point z= 0 is taken to be the incident surface
of the gain medium.

Substituting Eg. (3) into Eg. (2) and
integrating Eq. (2) over time, we obtain
n(r, z,t) = n(r, z,0)’
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where t = 0in Eq. (5) corresponds to the time
just at the beginning of the high-Q segment. In
other word, n(r, Z,O) corresponds to the
population inversion density just at the end of the
low-Q segment. Therefore, n(r, z,O) can be
derived from the rate equation during the low-Q
segment of the cycle.

To take the ETU effect into account, the rate
equation for population inversion density during
the low Q-segment of the cycleis given by [9,13]
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where Ryr, 2) is the rate of the pump intensity at
any radial location r or axial location z tsis the
emission lifetime, and z is the upconversion rate.
The main difference between the present
and the previous model [14] is that the term
zn(r, zt)? isadded in Eq. (6) to take the ETU
effect into account. From Eq. (6), the initial
population inversion density just at the end of the

low-Q segment at the repetition rate f can be
derived as
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where 1, (r, z) is the residua population
inversion density from the preceding pulse. Eg.
(7) indicates that when the pump power is high
enough, i.e, A(r, z) >> B(Jr z), the residual
population inversion density can be neglected.
At high pump power, Eg. (7) then becomes
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On the other hand, at low repetition rate, i.e,
t . f<<1,Eq.(7) can besimplified as

2t (R,(r,2)
A(r, z) +1

nr, 20)=

(11)

Clearly, n(r, z,O) a low repetition rate is
independent of the repetition rate because the
spontaneous emission results in the saturation of
theinversion density. Since the influence of the
ETU effect is greatly crucia at high pump
powers and low repetition rates in the
Q-switched operation [9], Eqg. (11) is employed
for the further analysis.

The beam profile of a fiber-coupled laser
diode can be approximately described as a
top-hat distribution [11,12]:
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where a is the absorption coefficient at the pump
wavelength, /is the length of the crystal, w, is

the averaged pump size in the active medium,
P, is the absorbed pump power, hn , isthe

pump photon energy, and Q( ) isthe Heaviside
step function.

Substituting Egs. (3) (5), (11) and (12) into
Eq. (1), performing the integration over the space
and defining the parameters,
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, we obtain
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The function g(b) defined in Eq. (17)
represents the fraction of excited ions that
involve the lasing process. In other words,
1- g(b) represents the fractional reduction of
the population inversion that is due to the ETU
effect. Using the fact that @/>>1 for ensurin
sufficient absorption of the pump beam, g(bﬁJ
can be simplified as

a(b) _71 (Jﬁ )+ Ine(erb—z\/lT)W(ZO)
T =} qj

Note that Eq. (20) is quite ssimilar to the equation
derived by Hardman et al. who reported that the
ETU effect leads to a notable difference in the
thermal lens between lasing and nonlasing
conditions [7]. The main difference between

Eq. (20) and the equation given by Hardman et al.

is that the top-hat distribution instead of
Gaussian distribution was used in the present
derivation. If z =0, i.e. there are no ETU

effects, one can find Ibig(])g(b)zl. In fact, the

parameter b defined in Eqg. (15) is a measure of
the magnitude of the ETU effect. Fig. 1 plots

the dependence of g(b) on the parameter b for
the example of a/=3. It can be found that

g(b) is adecreasing function of b. Therefore,

decreasing b is the key to the reduction of ETU
effect. From Eg. (15), expanding pump size can
lead to adecreasein b. However, alarger pump

size may result in not only a higher threshold but
also aworse overlapping efficiency. Therefore,
the optimum pump-to-mode size ratio is expected
when these two effects are balanced.

In terms of F(t), the expressions for the
peak output power F,, and the output pulse
energy E,are given by [1,15]
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where F . isthe maximum value of F(t) and

:(‘; F(t)at . Therefore, as long as F(t)

F integ
is solved from Egs. (18) and (19), the peak
output power and the output pulse energy can,
respectively, be determined from Egs. (21) and
(22). To illustrate the dependence of the ETU
effect on the pump size, we use the parameters:

s =28 10%cm?[15],z =2.8" 10 *cm®/s
[2l, a=7cm™*,w,=0.3mm, L = 0.005, R=

0.70, and t =230 s and employ the Runge-Kutta
method to solve Egs. (18) and (19). The
parameters used here corresponds to atypical 1.0
a.% Nd:YAG laser. Fig. 2 shows the

calculated results for F ;. asafunction of the

pump size for several absorbed pump powers.
For comparison, we aso plot the results
computed without the ETU effect in the same
figures. Fig. 2 reveals that the pulse energy
without the ETU effect almost unchanged for a
given pump power as the pump size is
sufficiently small. However, considering the
ETU effect there is an optimum pump size for
the output pulse energy because smaller pump
sizes, leading to higher excitation densities,
increase the fractional reduction of the
population inversion. Fig. 2 aso shows that the
optimum pump size increases with increasing the
pump power.

Fig. 3 depicts the calculated resultsfor F ,, asa

function of the pump size for several absorbed
pump powers. It can be seen that without the
ETU effect a smaller pump size can result in a
higher output peak power. However, as aresult
of the ETU effect there is an optimum pump size
for the peak power. Fig. 3 reveals that the peak
power decreases dramatically as the pump size is
smaller than the optimum value. Making a
comparison between the results of Figs. 2 and 3,
it can be found that at a given pump power the
value of the optimum pump size for maximizing
pulse energy is clearly smaller than the result for
maximizing peak power. The reason is due to
the fact that a higher inversion density leads to a
larger stimulated emission within the high-Q



segment and then a higher peak power.
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We have included the ETU effect into the
space-dependent rate-equation analysis to study
the optimum pump size in the diode-end-pumped
actively Q-switched laser. With the theoretical
model, the dependence of the output performance
on the pump size was numerically calculated for
different pump power. The calculated results
reveal that without the ETU effect a smaller
pump size basically results in a better output
performance. However, as a result of the ETU
effect, there is an optimum pump size for
producing the largest pulse energy and a different
optimum pump for obtaining the highest peak
power. In general, the optimum pump sizeis an
increasing function of the pump power. The
practical example of the diode-pumped actively

Q-switched Nd:Y AG laser has been performed to

verify the present model. We believe that the

present model can be applied to other Nd-doped
laser materials and used to optimize the actively

Q-switched laser.
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