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A comparative study between 808 and 914 nm pumping of Nd:YVO4 crystals for laser operation at 1064 nm has been
carried out. Using similar setups, performances of both configurations were first studied in the continuous
wave, small-signal gain, and Q-switched regimes. Thanks to a numerical model, it is shown that fluorescence
quenching and upconversion processes limit the possible uses for the 914 nm pumping scheme to regimes with
low population inversions. © 2010 Optical Society of America
OCIS codes: 140.3530, 140.3540, 140.6810, 140.3613.

1. INTRODUCTION
Nd:YVO4 is a widely used laser material that has led to the
demonstration of many laser systems in the past two decades
[1–3]. First pumped at 808 nm because it corresponds to the
maximum of absorption, Nd:YVO4 can also be pumped at
other wavelengths. Lowering the quantum defect by pumping
at 888 or 880 nm allows one to reduce the thermal load and to
increase the optical efficiency [4,5]. Sangla et al. demonstrated almost 80% efficiency in a CW regime using direct
in-band pumping at 914 nm [6]. In-band pumping implies
the use of highly doped and long crystals to compensate
for the lower absorption cross sections. For example, a
1.5% doped Nd:YVO4 crystal has been used for 914 nm pumping, whereas 0.1% to 0.5% doped crystals are generally used for
808, 880, and 888 nm pumping. This concentration difference
may induce parasitic effects, as new sources of heat load have
been observed using high doping concentration in Nd:YVO4
[7–9]. In this paper, we propose to carry out a comparison
between 808 and 914 nm pumping with a similar setup for laser operation at 1064 nm. Section 2 compares the two pumping configurations in the CW regime. In Section 3, small-signal
gain measurements are presented and compared with theoretical values obtained with a numerical simulation. In Section 4,
we compare the two pumping solutions for Q-switched operation and discuss the configuration in which the use of 914 nm
pumping can be interesting. Finally, we compare the thermal
power generated by 808, 888, and 914 nm pumping in order
to find the appropriate laser regimes for the two pumping
configurations.

2. CW OPERATION
The experimental setup is described in Fig. 1. We used two
fiber-coupled laser diodes (one at 808 nm and one at
914 nm) with the same output characteristics (Φ ¼ 100 μm;
0740-3224/11/010052-06$15.00/0

NA ¼ 0:22; P out ¼ 35 W). The laser cavity consisted of three
mirrors: M1 , M2 , and M3 . M1 is a plane dichroïc mirror with
high transmission at the pump wavelength (99% at 808 nm
and 98.4% at 914 nm) and high reflectivity at 1064 nm. The concave mirror M2 is highly reflective at the laser wavelength and
partly transparent at the pump wavelengths. Its radius of curvature is −100 mm. The plane output coupler is M3 and has a
transmission of 15% at 1064 nm. The cavity was designed with
a length M1 M2 ¼ 200 mm and M2 M3 ¼ 56 mm, such that the
beam radius reached about 250 μm in the Nd:YVO4 . To match
the laser beam, the output of the pump fiber was imaged with
a single doublet with a magnification of 5. Thanks to their
large radii (250 μm), the pump beam size and the cavity beam
size can be considered as constant in the Nd:YVO4 . Consequently, the overlap between the two beams is excellent. This
simplifies the modeling carried out in this work.
Because of the very large difference of absorption between
808 and 914 nm, we chose two Nd:YVO4 crystals with completely different concentrations: 1.5% doped crystal for 914 nm
pumping and 0.1% for 808 nm pumping. The crystals have
the same geometry (section 3 × 3 mm2; length 10 mm) with
M1 directly coated on the input face. Despite the strong difference in doping concentration, the absorptions are not the
same: 44% for 914 nm pumping and 75% for 808 nm pumping.
Consequently, the comparison between the two pumping configurations will be carried out for the same absorbed pump
power. As the beams have a constant size in the gain media,
the pumping conditions are relatively similar for a same absorbed pump power. As the absorbed pump power changes
under laser operation, it was controlled measuring the pump
power transmitted through the M2 mirror.
Figure 2 shows the results in CW operation. A slope
efficiency of 81% was obtained for 914 nm pumping and a
58% slope efficiency for 808 nm pumping. In CW operation,
the difference of quantum defect results in a difference of
© 2011 Optical Society of America
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3. SMALL-SIGNAL GAIN MEASUREMENTS

Fig. 1. (Color online) Experimental setup used for CW experiments.
M1 is coated on the crystal (HT808/HT914/HR1064). M2 is a R ¼
−100 mm concave mirror and M3 is the plane output coupler
(T ¼ 15%). The insert contains elements used for gain measurement:
P stands for polarizer and λ=4 stands for quarter wave plate.

To measure the small-signal gain, the method described by
Balembois et al. [10] was used. The knowledge of the cavity
losses gives the value of the small-signal gain at the threshold.
By changing the losses, the small-signal gain versus the pump
power can be recorded. A polarizer and a quarter wave plate
were used to introduce variable losses in the cavity (see insert
in Fig. 1). At the threshold, the overall reflectivity of the cavity
over a round trip R and the double pass small-signal gain G20
are linked by Eq. (1):
G20 R ¼ 1:

slope efficiency and the 914 nm pumping is advantageous. Not
only is the efficiency higher, but the lower thermal load also
induces a reduced thermal lens and potentially allows much
higher pump power before crystal fracture.
In this experiment, the slope efficiency ratio between the
two pumping wavelengths is not equal to the quantum efficiency ratio. Indeed, the efficiency at 808 nm is slightly lower
than expected. This can be explained by two factors: the output coupler used was the optimum for 914 nm and not for
808 nm pumping. Moreover, the losses might be slightly higher
in the 808 nm configuration. However, the advantage of
914 nm pumping over 808 nm pumping is obvious since the
slope efficiency obtained with 914 nm pumping is six percentage points above the theoretical quantum defect limited slope
efficiency with 808 nm pumping (75%).
During CW operation with relatively high-reflectivity output
couplers (R ¼ 85%), the gain is highly saturated and the inversion of population density is kept low. The impact of nonradiative effects appearing at high doping concentration is then
minor. This is not necessarily the case in Q-switched or amplification regimes, which generally require higher population
inversion. The basic quantity ruling those regimes is the smallsignal gain. Its evolution versus absorbed pump power is measured in Section 3 for 808 and 914 nm pumping.

Fig. 2. (Color online) Efficiency curves for 914 nm pumping (circles)
and 808 nm pumping (squares). Linear fitting (solid curves) gives
81% slope efficiency for 914 nm and 58% slope efficiency for
808 nm pumping.

ð1Þ

The exponential form of the expression of G20 is given in
Section 4.A (see Eq. (6)).
Figure 3 shows double pass small-signal gain denoted G20
measurements for increasing absorbed pump power. A significant difference of behavior appears between the two pumping solutions. The small-signal gain curve as a function of the
absorbed pump power has an exponential-like shape for the
808 nm pumping, whereas the evolution is almost linear for
the 914 nm pumping. The maximal small-signal gain value obtained for about 11 W of absorbed pump power at 808 nm was
more than 55, whereas it was about five times lower for the
same absorbed pump power at 914 nm. In contrast with what
has been observed in CW regime, the 914 nm pumping solution shows poor performance in terms of small-signal gain.
This performance might be explained by the use of a high doping concentration of Nd:YVO4 (1.5%), which enhances a large
increase of nonradiative effects. In order to understand
this behavior, Section 4 is devoted to a modeling of smallsignal gain.

4. MODELING
In this section, the modeling for 808 nm pumping in order to
obtain theoretical values of the small-signal gain is first carried out, followed by a description of the more complicated
modeling for a pumping at 914 nm.

Fig. 3. (Color online) Experimental double pass small-signal gain at
1064 nm versus absorbed pump power for 914 nm pumping (circles)
and 808 nm pumping (squares).
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A. Modeling for 808 nm Pumping
A top-hat distribution can describe approximately the beam
profile of a fiber-coupled diode [8,11,12]. As both pump and
signal beams have large Rayleigh lengths compared to the
crystal longitudinal dimension, both beam radii will be considered as constant along the crystal. As the problem also
presents an axial symmetry, only z dependence will be considered. Equation (2) is the usual rate equation for four level
systems considering different absorption cross sections for
the two polarizations as it is the case for Nd:YVO4 pumped
at 808 nm:
dΔn
Δn
pa a
c
¼ ðσ pc
;
a I p þ σ a I p Þðnt − ΔnÞ −
dt
τ

ð2Þ

where τ is the upper state lifetime (measured value of τ ¼
pc
98 μs for 0.1% doping concentration) [13], σ pa
a and σ a are the
absorption cross sections at the pump wavelengths for each
−19
−19
cm2 and σ pc
cm2 )
polarization (σ pa
a ¼ 0:79 × 10
a ¼ 3:2 × 10
a
c
[14], I p and I p are the pump intensities for each polarization,
Δn is the population inversion density, and nt is the total
population density. The local stationary solution of Eq. (2)
is given by
ΔnðzÞ ¼

pa a
c
σ pc
a I p ðzÞ þ σ a I p ðzÞ
;
nt τ
I c ðzÞ
I a ðzÞ
1 þ Ipc þ Ipa
psat
psat

ð3Þ

pc
c
where I apsat ¼ 1=ðσ pa
a τÞ and I psat ¼ 1=ðσ a τÞ are the pump
saturation intensities for each polarization. Taking pump absorption saturation into account and assuming the lower level
of the laser transition is not to be populated, the absorption
coefficient αp ðzÞ is given by

αp ðzÞ ¼ σ pa nt − σ pa ΔnðzÞ:

ð4Þ

For the calculation, the crystal is cut in elementary slices of
length dz, where dz is small enough to obtain a result independent of its value. Pump intensity, population inversion, and
absorption coefficients are found in each slice using Eqs.
(3) and (4), the knowledge of I p ð0Þ, and Eq. (5), which gives
the pump intensity in the slice z þ dz:
I p ðz þ dzÞ ¼ I p ðzÞ expð−αðzÞdzÞ:

ð5Þ

The overall double pass small-signal gain G20 at 1064 nm can be
deduced by numerical integration using
 ZL

G20 ¼ exp 2 σ le ΔnðzÞdz ;

ð6Þ

0

where σ le is the emission cross section at 1064 nm
(σ le ¼ 12 × 10−19 cm2 ) [15,16]. As shown by Fig. 4, theoretical
gain values fit the set of experimental data for a pumping at
808 nm. A slight adjustment of the pump waist radius to
287 μm was done in order to obtain this fit. The adjusted value
of the beam radius, close to the experimental one, is used as a
reference in Subsection 4.B.
B. Modeling for 914 nm Pumping
The model is then applied for a pumping at 914 nm. As the
absorption of the pump is independent of polarization at

Fig. 4. (Color online) Theoretical (solid curve) and experimental
(squares) double pass small-signal gain at 1064 nm versus absorbed
pump power.

914 nm, the two polarizations are not distinguished. As stimulated emission at the pumping wavelength can occur for
914 nm pumping, Eq. (7) is used to calculate ΔnðzÞ:
dΔn
Δn
¼ σ pa I p nt − ðσ pa þ σ pe ÞI p Δn −
;
dt
τ

ð7Þ

where σ pe is the emission cross section at the pump
wavelength (σ pe ¼ 0:48 × 10−19 cm2 ) [17] and σ pa is the absorption cross section at the pump wavelength (σ pa ¼
0:04 × 10−19 cm2 at 914 nm) [6]. Unique local stationary solution of Eq. (7) is given by
σ pa I p ðzÞ
ΔnðzÞ ¼ nt τ
;
ð8Þ
I ðzÞ
1 þ Ippsat
where I psat ¼ 1=ðσ pa þ σ pe Þτ is the pump saturation intensity.
Figure 5 shows the results obtained by numerical simulation
and experimental data (see curve 1 in Fig. 5). The model described above clearly appears to fail. While the calculation
gives an expected gain of more than 130, the experimental
value is near 11 for 11:7 W of absorbed pump power.
In the case of highly doped crystals, parasitic effects limiting the population inversion need to be considered: the two
main effects are the fluorescence quenching and the upconversion process. Fluorescence lifetime is reduced at
high doping concentrations due to concentration-dependent
fluorescence quenching. The combination of migration of
excitation and excitation trapping with cross relaxation is responsible for this effect and also results in higher heat generation [13]. Defining a nonradiative decay time τnr enables one
to take this effect into account using rate equations. The fluorescence lifetime τ is then given by
1
1
1
¼
þ
:
τ τsp τnr

ð9Þ

The fluorescence lifetime for our two samples has been measured to be 98 and 68 μs for 0.1% and 1.5% doped samples,
respectively.
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This shows that both effects have a significant influence on
small-signal gain for the configuration considered in this
paper.
As shown in this section, nonradiative effects reduce the
small-signal gain dramatically. Section 5 shows how these
parasitic effects can strongly affect a laser regime dependent
on population inversion, such as the Q-switched regime.

5. Q-SWITCHED OPERATION

Fig. 5. (Color online) Theoretical double pass small-signal gain at
1064 nm versus absorbed pump power at 914 nm (solid curves) and
experimental double pass small-signal gain (circles) under different
hypotheses. Pump waist radius: wp ¼ 287 μm.

Even if an accurate description of upconversion is difficult
to obtain, the −γΔn2 term where γ is the upconversion rate is
widely used to evaluate the role of this process in the excited
level depopulation [9,18,19]. The rate equation for the population inversion can be written as
dΔn
Δn Δn
¼ σ pa I p nt − ðσ pa þ σ pe ÞI p Δn −
−
− γΔn2 :
dt
τnr τsp

ð10Þ

Unique local stationary solution is given by
 

1
1
p
p
− ðσ a þ σ e ÞI p ðzÞ þ
ΔnðzÞ ¼
2γ
τ

2
1=2 
1
þ ðσ pa þ σ pe ÞI p ðzÞ þ
:
þ 4γσ pa I p ðzÞnt
τ
ð11Þ
γ can be measured by performing fluorescence decay
measurement. Chen et al. measured γ ¼ 1:5  0:5 × 10−21 m3 =s
for a 0.5% doped Nd:YVO4 and Meilhac et al. measured
γ ¼ 3  1 × 10−21 m3 =s for a 1% doped Nd:YVO4 [18,20]. If
we assume that the upconversion rate increases quadratically
with the concentration, as indicated in the literature [19],
we can expect a value of γ ¼ 10  4 × 10−21 m3 =s for 1.5%
doped Nd:YVO4 , knowing the experimental results for other
concentrations.
Curve 3 in Fig. 5 shows the fit obtained using the model
accounting for fluorescence quenching and upconversion,
close to experimental data. An upconversion rate parameter
of 7 × 10−21 m3 =s has been used to fit the experimental data
(see curve 3 in Fig. 5). This value is within the uncertainty
range of the one calculated using literature data. This is the
only fit parameter, all other parameters come from the simulations for 808 nm pumping and the literature. The calculated
G20 , when taking into account only the fluorescence quenching, is still about three times higher than measured values
for 11:7 W of absorbed pump power (see curve 2 in Fig. 5).

Using a rubidium titanyle phosphate electro-optical modulator
inserted between M1 and M2, we tested our cavities in the Qswitched regime. The experimental setup is shown on Fig. 6.
An optimal coupler T ¼ 20% was found in both cases. Table 1
summarizes a few significant results for two repetition rates:
10 and 20 kHz.
In all cases, the pulse durations were similar: approximately 30 ns. Despite higher values of absorbed pump power
at 914 nm, the laser average output power at 1064 nm was still
lower than what has been obtained with 808 nm pumping. This
result is in agreement with the small-signal gain studies presented earlier: the nonradiative effects limit the population inversion at 914 nm and, consequently, the performance in the
Q-switched regime.
The difference of performance between the two pumping
configurations is more pronounced at 10 kHz than at 20 kHz.
Indeed, more population inversion can be stored in the gain
medium at 10 kHz. It leads to an increase of the number of
nonradiative desexcitations affecting the performance for
the 914 nm pumping.
The efficiency reduction due to nonradiative effects is
coupled with a thermal load increase, which should also be
considered as it might induce beam distortion and ultimately
crystal fracture. This is the purpose of Section 6.

6. HEAT GENERATION VERSUS
PUMPING WAVELENGTH
The goal of this section is to compare theoretically the heat
loads in Nd:YVO4 crystals usually used for laser action. Similar
analysis applied to Nd:YAG can be found in other papers
[21,22]. 808 nm pumping and 914 nm pumping will be considered. We added calculations for 888 nm pumping to complete
the study, as this pumping gives very interesting results [4,23–
25]. Upconversion and fluorescence quenching are nonradiative effects that are intrinsically related to additional sources
of heating, and the heat loads can, therefore, be higher than
the one brought by the quantum defect (defined by
ηQ ¼ ðνp − νl Þ=νl , where νp is the the pump frequency and νl
is the laser frequency). Using the rate equation model, we
can compute the fractional thermal loading denoted as ηH
and corresponding to the ratio of the power dissipated by nonradiative (i.e., thermal) effects to the absorbed pump power.
Table 1. Experimental Results in Q-Switched
Regime for Optimal Coupling Value T = 20% and
Absorbed Pump Power of 13.5 W for 914 nm
Pumping and 11.4 W for 808 nm Pumpinga

808 nm
914 nm
a

10 kHz

20 kHz

P ¼ 2:7 W η ¼ 23%
P ¼ 2:1 W η ¼ 16%

P ¼ 3:2 W η ¼ 28%
P ¼ 2:9 W η ¼ 21%

P is the average output power and η the optical efficiency.
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Fig. 6. (Color online) Experimental setup used for Q-switched
regime.

It is a key parameter since it is related to the temperature
increase inside the crystal and even to the maximum pump
power the crystal can stand before fracture.
For the sake of simplicity, this ratio is considered in a small
volume of gain medium, such that the population inversion
density Δn and the pumping rate R (meaning the number
of ions excited from the ground state to the upper state per
second and per unit volume) are supposed to be constant.
ηH can be expressed by Eq. (12) if we suppose that the pump
quantum efficiency is equal to unity (meaning that one absorbed photon leads to one atom in the excited state) and
if we consider only an emission at 1064 nm, corresponding
to the main transition in Nd:YVO4 :


ν
Δn
þ γΔn2 :
ηH ¼ ηQ þ l
Rνp τnr

ð12Þ

Under steady-state and continuous pumping, the maximal
population inversion density that can be reached Δn0 can
be calculated by solving the rate equations given in Section 4:

1=2
− 1τ þ τ12 þ 4γR
:
ð13Þ
Δn0 ¼
2γ
For the computation we choose a 0.1% Nd for a pumping at
808 nm, a 1.5% Nd at 914 nm, and 0.5% Nd at 888 nm (the last
one is in accordance with [4]). For the sake of comparison, we
consider an identical pumping rate R for all cases even if it
might correspond to different incident pump power (due to
different absorption coefficients). To be coherent with the
previous sections, the pumping rate chosen corresponds to
the maximal value theoretically obtained with a top-hat
profile 35 W 914 nm pump beam focused on a diameter of
600 μm in an a-cut 1.5% doped Nd:YVO4 crystal (R ¼
1:7 × 1029 ph:m−3 :s−1 ). In the three cases, we calculate ηH
by taking into account the pump wavelength and the two
parameters that are concentration-dependent (τNR and γ).
The results are presented in Fig. 7.
The points A, B, and C represent the fractional thermal
loading and maximal population inversion under steady-state
and continuous pumping for the three cases. The population
inversions are strongly different, being much higher under
808 nm pumping (point A) than 914 nm pumping (point C).
In accordance with the previous sections, this means that
the small-signal gain is much higher under 808 nm pumping.
Conversely, the heat generation is much higher under
914 nm pumping, reaching almost 80% of the pump power,
very far from the quantum defect.
We also investigated the variation ηH versus Δn, the pumping rate remaining constant. Indeed, the saturation of Δn
might be very different depending on the laser regime (CW

Fig. 7. (Color online) Fractional thermal loading versus inversion of population density for a fixed pumping rate (R ¼
1:7 × 1029 ph:m−3 :s−1 ) and three pumping wavelengths and doping
concentrations (808 nm=0:1%, 888 nm=0:5%, and 914 nm=1:5%).

oscillators with different output coupling, Q-switch oscillators, or amplifiers). In all pumping configurations, a decrease
of population inversion leads to a limitation of the parasitic
effects and to a reduction of the thermal load. The thermal
ratio tends toward the quantum defect [as can be seen in
Eq. (12)] when the population inversion density tends toward
zero. As expected, it becomes lower under 914 nm than under
808 nm pumping. However, to reach this ideal configuration,
the population inversion needs to be strongly saturated, with a
value below Δn1 (see point D in Fig. 7). This can occur only in
laser oscillators having low losses or in high repetition rate
power amplifiers.
Pumping at 888 nm seems to be an interesting intermediate.
The population inversion can reach much higher values than
under 914 nm pumping (point B), and the range of population
inversion limiting the heat generation below the one at 808 nm
is extended compared to a pumping at 914 nm (see point E
and Δn2 ). However, the fractional thermal loading can reach
values that are much higher than the quantum defect. This
means that laser operation with pumping at 888 nm must
be considered carefully in order to reduce the thermal effects.

7. CONCLUSION
The excellent results obtained in CW were promising and
clearly demonstrated advantages for the 914 nm pumping
solution. In contrast, further investigations developed in this
paper show better performance for the 808 nm pumping solution in terms of small-signal gain and Q-switched operation.
Upconversion processes and nonradiative decays were identified as the phenomena responsible for this difference.
Considering the heat generated in the gain medium and the
population inversion density, our work tends to identify the
laser regimes where 914 nm pumping is advantageous. In the
case of the CW regime in a low-loss cavity or in the case of
high repetition rate power amplifiers, the population inversion
can be strongly limited by laser saturation and the heat generation tends toward the quantum defect. This has two consequences on the laser operation: the laser is very efficient

Délen et al.

and the thermal load is strongly limited. In these regimes,
power scaling at larger values than under 808 nm pumping
is possible.
For laser regimes requiring high gain value (i.e., high population inversion density), for example, in Q-switched regime
or for preamplifiers, the use of 808 nm pumping is clearly
more advantageous in terms of gain and thermal load. The
basic advantage of this pumping wavelength is the strong absorption, allowing the use of very low doped crystals, which
limits the nonradiative effects. In between, pumping at 888 nm
appears to be an interesting intermediate that needs to be considered carefully for high gain laser regimes.
To extend the operation range of the 914 nm pumping, one
can think of using lower doping concentrations. This needs to
be compensated by an increase of the interaction length between the medium and the pump beam: multipass pumping
geometry (such as the thin disk concept) or crystal fibers
may be considered for this purpose.
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