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Abstract. A new approach for passive mode-locking, i.e. the nonlinear mirror
applied to self-frequency-doubling materials, is proposed. The mode-locking threshold
and its dependence on several parameters (nonlinear crystal length, beam focusing
strength, effective second order nonlinear coefficient and dichroic mirror linear reflection
coefficient at fundamental wave), for a nonlinear mirror consisting of Nd:GdCOB
self-frequency doubling medium, are evaluated. A comparison with the data achieved
for Nd:YVO4, when is frequency doubled by LBO, is performed. The results are
useful in developing efficient and compact ultrashort pulsed laser sources, operating
at 1 micron, based on self-frequency doubling Nd:GdCOB medium or a similar one.
Key words: nonlinear mirror, self-frequency doubling, mode-locking, Nd:GdCOB.

1. INTRODUCTION

Frequency conversion materials, such as nonlinear crystals (NLC) are often
employed to generate visible radiation with good efficiency, starting from the
available all solid state near infrared laser sources. The radiation can be frequency
converted inside or outside a specific laser cavity. In the case of continuous wave
laser sources, the most convenient approach is the intra-cavity frequency conversion,
due to existent high intra-cavity power. A more compact and simple design can be
achieved when NLC acts simultaneously as the gain medium of the laser cavity, and
as the frequency conversion medium, representing thus a self-frequency conversion
material, that is frequently called a bi-functional material [1, 2].
In particular, those materials with significant frequency doubling properties,
that allow doping of the nonlinear matrix with laser active ions, such as Nd3+ or
Yb3+, are very attractive. Different crystalline hosts were studied, in order to reach
for a self-frequency doubling (SFD) medium that could simultaneously fulfill the
requirements for efficient lasing (high optical quality, congruent melting, high
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absorption and emission cross sections, long metastable lifetime, good thermal
conductivity), as well as those for enhanced second harmonic generation process
(high effective nonlinear coefficient –deff, large spectral, thermal and angular
acceptances, wide transparence bandwidth, small walk-off, low reabsorption at
second harmonic wavelength etc.) [2].
On the other hand, for the generation of ultrashort pulses with duration in the
range of few picoseconds (ps), the Nd3+-doped media are recommended due to their
narrow emission bandwidths (typically of only few nm wide). The most famous
Nd3+-doped SFD crystals are Nd:YAB, Nd:MgO:LiNbO3 and Nd:GdCOB [2, 3].
Nd:LiNbO3 has the major issue of photorefractive effects occurring with the increasing
pumping power, this limiting its possible applications. Meanwhile, crystals having
borate groups in their structures, present noteworthy nonlinearities. For instance,
Nd:YAB is efficient in both infrared (due to lasing) and visible ranges (due to
relatively high effective second order nonlinear coefficient), but, its major drawback
comes from its incongruent melting which imposes the growth of Nd:YAB crystals
only by flux method; this in turn suffers from difficulties in reproducing crystals of
large dimensions and with good optical quality. Moreover, the significant absorption
in the green spectral range limits the application of Nd:YAB in high power SFD lasers.
Up to now, the maximum output power achieved in green with Nd:YAB bi-functional
material was only 225 mW [3]. Nd:GdCOB (with complete chemical formula
NdxGd1–xCa4O(BO3)3), is, on the other hand, a very promising material, to be used
for self-frequency conversion systems, due to the Czochralski growing method, the
excellent thermal acceptance, the moderate birefringence, the relatively good effective
nonlinearity, the good angular acceptance and very good mechanical, chemical and
optical properties [4]. Efficient SFD was reported and 3.01 W output power in green
spectral range (545 nm) was obtained from 8.0-at.% Nd3+-doped GdCOB with 8 mm
length, cut out of principal planes, along type I phase matching direction described
by angles (θ,φ) = (113°, 49°) [5]. On the other hand, Nd:GdCOB contains borate
groups, known for their high phonon energies (strong non-radiative processes).
Also, its thermal conductivity is relatively poor (1–2 W/m·K). Despite the low
thermal conductivity, the good specific heat value is an indicator that Nd:GdCOB
may operate very fine in the pulsed regime, which normally enhances the frequency
doubling effect [6].
Passive mode-locked all solid state lasers are usually employed in developing
efficient compact ultrashort pulsed laser sources. From the well-developed passive
mode-locking techniques, the nonlinear mirror (NLM) and the semiconductor
saturable absorber mirror (SESAM) were mostly investigated [7–11]. The NLM
usually is composed by an ensemble of nonlinear crystal (NLC) possessing second
order nonlinearities (χ(2) ≠ 0), a dispersive medium and a dichroic output coupler
mirror, that totally reflects the second harmonic wave (SHW), while partially
transmitting the fundamental one (FW). In the NLM arrangement, the cascaded
second order process mimics either a fast saturable absorption or a two photon
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absorption process, depending on the accumulated phase difference between SHW
and FW, during their second pass through NLC, after being reflected back by the
dichroic mirror.
The effect of the NLM is similar to that observed in the case of SESAM
except that NLM benefits from fast response and high damage threshold, that
usually coincides with the laser damage threshold of the nonlinear crystal (typically
of ~1 GW/cm2). The main advantages, of the NLM technique, are: its simplicity in
design, availability of various nonlinear materials with remarkable frequency doubling
properties, simultaneous generation of ultrashort pulses at two wavelengths, i.e. at
fundamental and at the second harmonic, and the possibility to apply this approach
to various spectral domains. Since its invention, by Stankov in 1988 [12, 13], numerous
laser crystals have been mode-locked by using nonlinear mirror method. Very good
results were reported for NLM mode-locked lasers based on Nd3+-doped crystals
[9, 14]. However, NLM mode-locking used together with SFD materials has never
been investigated nor reported by now. Also, from our knowledge, no continuous
mode-locking of Nd:GdCOB laser was reported by now. S. Zhang et al. demonstrated
QML operation of Nd:GdCOB SFD laser, however no CML was shown, and they
employed in their study Cr4+:YAG as the saturable absorber medium [15]. Thus,
stable continuous passive mode-locking in the case of Nd:GdCOB medium constitutes
itself another novelty aspect of this (theoretical) work.
In this paper is proposed this new idea of SFD-NLM (self-frequency doubling
nonlinear mirror) that could considerably simplify the laser system and simultaneously
reduce the round-trip losses of the resonator, leading to a more efficient (mode-locked)
laser operation. Also if the appropriate cavity design is ensured, for instance to
operate the laser at the stability limit of the resonator, the strong thermal lensing
effect that usually minimizes the laser mode inside the active medium (in this case
the self-frequency doubling medium) could enhance the mode-locking process and
concurrently the frequency doubling generation. Thus, is proposed a scheme in
which the nonlinear mirror consists of a self-frequency doubling material and a
dichroic output coupler, extending thus the functionality of the (active) material.
The Nd:GdCOB medium is now a multi-functional material, i.e. at first, it causes
lasing in the cavity, secondly, it generates the SHW and thirdly, it acts as the
nonlinear mirror mode-locker (along with the selective transmission of the dichroic
mirror and the dispersive medium between NLC and dichroic mirror).
In 2016, H. Yu et al. [2], in their review regarding SFD crystals, concluded
that among the studied nonlinear media, doped with Nd3+ active ions, the most
efficient material remains Nd:GdCOB, despite its weak thermal properties. Worthy
to mention that the high refractive power of Nd:GdCOB medium could favor laser
operation in mode-locking regime [15].
Having these motivations, in this paper is verified the hypothesis of obtaining
nonlinear mirror mode-locking (NLMML) when a self-frequency doubling material,
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such as Nd:GdCOB, is employed, instead of the conventional scheme (with two media,
i.e. laser medium and second order nonlinear crystal). Numerical analyses were
performed for finding the mode-locking threshold (defined as the critical intracavity peak power at FW) and its dependence on various parameters, i.e. crystal length,
effective nonlinear coefficient, focusing strength and linear reflection coefficient of
the dichroic end mirror. The analysis is restricted to 1.06 μm laser oscillation and
to green self-generation process. The nonlinear mirror mode-locking thresholds of
Nd:GdCOB employed as SFD medium and Nd:YVO4 frequency doubled by LBO
(or undoped GdCOB) were compared. The investigations revealed that SFD-NLM
ML experiments could be successfully realized whenever conditions such as proper
mode size inside the NLC and the critical pumping level are carefully assured for the
given SFD medium. This approach is meaningful in applications which require all
solid state laser sources, with compact, low cost, and simple design, simultaneously
delivering ultrashort (picosecond) pulses in infrared and visible ranges. Also, this
scheme could be tested further for different wavelengths of interest.
2. METHODS

The linear reflection coefficient (RFW) of the dichroic mirror (DM) at fundamental
wave, the second harmonic generation efficiency (ηSHG), and the intra-cavity power
density at fundamental wave (IFW), are the main factors that influence the nonlinear
reflectivity of a NLM device [16]. High intra-cavity power density is obtained
typically with low power extraction from the laser cavity (small dichroic mirror
transmission –TFW). However, in the NLM experiment, a high value of TFW is
correlated with a strong modulation depth of the absorber. In order to optimize the
performances of a NLMML laser, a compromise should be made when choosing the
linear reflection coefficient for FW (of the dichroic mirror) and the focusing strength
inside the NLC. The best achievements of various NLMML lasers, were observed with
TFW of ~80% [14]. On the other hand, when a SFD laser, based on Nd:GdCOB, is
constructed, the output coupler normally has very low TFW. A previous paper that
focused on laser emission at 1.06 µm in Nd:GdCOB crystal, reported the use of
values 10%, 5% or 1% for TFW [4]. Due to the relatively high saturation intensity of the
Nd:GdCOB laser medium (~65 kW/cm2), and thus, high lasing threshold, the
transmission of the output coupler is kept as small as possible. In order to benefit
from sufficient power extraction at FW and simultaneously enable enough intra-cavity
power density such that SFD process to be efficient, an optimum value for TFW
should be identified. Also, the reflectivity of the NLM device scales up with high
TFW, and it was shown that NLM device begins its operation even at very small
SHG conversion efficiencies [12,16]. In this paper, a numerical approach is used in
order to find the optimum TFW value in a given SFD-NLM configuration. Additional
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experiments are mandatory in order to identify the exact value of TFW that would
lead to optimized NLMML laser operation based on Nd:GdCOB SFD medium.
Figure 1 presents a possible laser set-up proposed for SFD-NLM mode-locking
experiments with Nd:GdCOB medium. First, it is considered the case of a V-type
resonator (as shown in Fig. 1) that was designed to work in appropriate mode-matching
condition, for a given beam waist dimension of the pump beam and the resonator
mode. Also, it is supposed that the right parameters of the cavity are set in order to
have oscillation only at the fundamental TEM00 mode and that the resonator is
working under stable conditions, i.e. small amplitude or power fluctuations. H. Yu
et al. reported that efficient and optimized operation of a Nd:GdCOB SFD laser is
obtained when the pump beam dimension is set to ~200 µm [5]. Therefore, it is
opted for a resonator mode radius inside Nd:GdCOB, that equals 105 µm. Later on
the mode-locking threshold is calculated for various beam focusing conditions
(wNLC being the radius inside NLC). Also, it is considered the case of longitudinal
laser diode pumping.

Fig. 1 – A simple set-up of the SFD-NLM mode-locked laser based on Nd:GdCOB SFD medium;
HRM: high reflective mirror, i.e. the pump mirror; M: plane-concave mirror, with ρ radius
of curvature, HR coated at both wavelengths; z1, z2 resonator arms lengths; DM: dichroic
mirror being HR at SHW (λSHW) and partial reflective at FW (λFW).

The nonlinear mirror from Fig. 1 consists in this case on almost the entire
resonator, i.e. the Nd:GdCOB possessing χ(2) nonlinearity, the two resonator arms,
z1 and z2 (responsible for phase control of both FW and SHW at the entrance in
Nd:GdCOB nonlinear crystal, in the second pass) and the dichroic mirror that
reflects all the emitted SHW (during its first pass through NLC) to be back converted
in FW (during its second pass through NLC).
Next, Fig. 2 presents the laser set-up employed in conventional NLMML
technique, in this example with Nd:YVO4 as the gain medium and NLC consisting
of a lithium triborate (LBO) or undoped gadolinium calcium oxyborate (GdCOB).
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Fig. 2 – The conventional set-up employed for NLM mode-locking; Nd:YVO4: gain medium;
HRM: high reflective mirror; M1, M2: plane-concave mirrors, with ρ1, ρ2 radius of curvatures,
HR coated, at FW; z1, z2, z3: resonator arms lengths; LBO/GdCOB: χ(2) nonlinear medium;
DM: dichroic (output coupler) mirror.

As compared to the scheme detailed in Fig. 1, in conventional NLM configuration
(Figure 2), can be observed that at least two elements should be added, in order to
construct the laser. Here, the first crystal is responsible for laser action, i.e. Nd:YVO4
gain medium, and the second crystal is the χ(2) nonlinearity possessor. The cavity
mirrors allow for beam folding and focusing inside the both crystals. As compared
to the SFD-NLM set-up, in Fig. 2 set-up another plane-concave mirror was added,
together with a separate NLC, and an additional resonator arm (the cavity geometry
has changed from V to Z).
The Nd:GdCOB is a negative biaxial optical crystal with several phase matching
directions of dissimilar nonlinear coefficient, oriented inside, or outside the principal
planes. Following the method presented by Ja-Hon Lin et al. [17], the NLMML
threshold, i.e. the intra-cavity peak power at fundamental wave, needed to obtain
pure mode-locking, is evaluated here for Nd3+-doped GdCOB cut along four different
phase matching directions: GdCOB-1, cut along (θ = 90°, φ = 46°); GdCOB-2
cut on (θ = 19.7°, φ = 180°); GdCOB-3 cut along (θ = 67°, φ = 46°), and GdCOB-4
cut on (θ = 67°, φ = 134°). Their associated effective nonlinear coefficients are
~0.63 pm/V (1), ~1.075 pm/V (2), ~0.82 pm/V (3) and ~1.8 pm/V (4) respectively [18].
Then, the mode-locking threshold is calculated for the case of a Nd:YVO4
laser employed in NLM configuration, when it is frequency doubled by LBO or
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GdCOB with the phase matching directions mentioned above. Several parameters,
involved in the numerical simulations, are listed in Table 1.
Table 1
The main parameters involved in numerical simulation of NLMML threshold
of the Nd:GdCOB SFD laser and Nd:YVO4 laser frequency doubled by LBO
Property
Refractive index
Emission cross section
(10–20 cm2)
Fluorescence lifetime (μs)
Total internal loss (%)
NLC length (mm)
CW lasing threshold (W)
Effective nonlinearity –deff (pm/V)
Transmission of DM, TFW

Nd:GdCOB
1.69
3

Nd:YVO4 + LBO
1.59 (LBO)
19

90.5
5
10
2.4
0.63 (1)
1.075 (2)
0.82 (3)
1.85 (4)
10%

90
10
10
0.5
1.4
10%

Next, the critical intra-cavity peak power at FW – Pcr, needed in order to obtain
CML (continuous mode-locking) operation, against QML (Q-switch mode-locking)
is calculated. According to previous studies CML laser operation can be achieved
whenever the following stability criterion is satisfied, i.e. [17, 19]:
PFW ≥ Pcr = (Pg · PA · ΔRmax)1/2;

(1)

where, PFW is the intra-cavity peak power at FW, Pg is the saturation power of the
gain medium (Nd:GdCOB in our case), PA is the saturation power of the absorber
(the same Nd:GdCOB, in the SFD configuration), while ΔRmax = 1 – RFW is the
maximum nonlinear modulation if the nonsaturable loss is assumed to be zero for
PFW; RFW is the linear reflectivity of the dichroic mirror at FW [17].
The saturation power of the gain medium can be simply expressed in the
form:
Pg = Isat · πwg2,

(2)

h 
in the
 
case of a four level laser system, where h is the Planck constant, ν is the laser
frequency, σ is the emission cross section at laser wavelength and τ is the
fluorescence lifetime of the metastable level implied in the laser transition. Also, in
the expression of Pg, the laser mode area appears, with wg being the laser mode

with Isat being the saturation intensity of the laser medium, i.e. I sat 
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radius inside the active medium. The linear loss of the cavity can be further defined
 1 
as   L  ln 
 , with L denoting the intrinsic losses of the laser cavity.
 RFW 
The saturation power of the NLM acting as a fast absorber, PA is defined as
the ratio of the linear loss (g) to the first order nonlinear loss modulation introduced
by NLM absorber (ϰ). Thus PA 

i

SHG
PFW


, where ϰ has the formula [17]:
i

RFW [ RFW  1  2cos(  k  l   )],

(3)

where, hSH is the second harmonic conversion efficiency, Dk is the wave vector
mismatch between FW and SHW in nonlinear crystal, l is the length of the NLC,
and Δϕ is the phase mismatch due to the dispersion of air and of the dichroic mirror.
Is assumed that after being reflected back by DM and suffering from dispersion
due to air medium, the FW and SHW have a relative phase Δϕ = π (at the entrance
in NLC), such that during their second pass through NLC, a complete back conversion
from SHW to FW will take place. Also, is supposed that the second harmonic
generation process is accomplished in totally phase matching condition, thus no
wave vector mismatch is present to lower the conversion efficiency. Moreover, the
effect of the spatial walk-off on the conversion efficiency is considered as negligible.
Next, eq. (4) gives the second harmonic conversion efficiency expression for
the condition of perfect phase matching (PM) [20]:

SHG  5.462

2
d eff



2
FW

n

3
FW

l2 

PFW
.
A

(4)

Here, deff is the value of effective second order coefficient expressed in pm/V,
λFW is the fundamental (laser) central wavelength, in μm, nFW is the refractive index
of NLC medium for λFW, and A = π · wNLC2 is the area of the laser mode inside
NLC, with wNLC being the laser mode radius inside NLC.
Taking into account all the above relations, a relatively simple expression for
the critical fundamental intra-cavity peak power needed in order to obtain and
sustain CML laser operation with the NLM method is derived:
Pcr 

  wg  wNLC  FW  nFW
d eff  l

Here ct is a numerical constant.



nFW  I sat  
 ct.
RFW

(5)
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Equation 5 could be further simplified by considering that all the material
parameters are summed within a new constant C. Thus the final expression of the
Pcr becomes:
Pcr  C

wg  wNLC
d eff  l




RFW

.

(6)

Interesting to notice that Pcr in the NLMML technique depends linearly on
the beam dimension both inside the active medium and inside the NLC. In the case
of a SFD laser system, this dependence on the beam focusing inside the bi-functional
material becomes of second order. Thus a strong confinement of fundamental beam
energy inside NLC leads to important decrease of the critical intra-cavity peak
power needed for CML operation.
The numerical analysis ends up with identification of the optimum value for TFW
(the linear reflection coefficient of the dichroic mirror), in the case of Nd:GdCOB
SFD laser, employed in NLM configuration. For this purpose, a new parameter is
defined, denoted fopt which is an indicator for an optimized RFW, respectively optimum
value of TFW. The optimization parameter can be calculated from the following
formula:
fopt 

CW
th

(P

1
.
 Pave cr )  PA

(7)

Here, PthCW is the threshold pump power needed for CW lasing of the
Nd:GdCOB, Pave cr is the critical average power at FW needed to obtain CML, and
PA is the saturation power of the NLM absorber, defined in the beginning. The
optimization parameter expresses the fact that efficient mode-locked laser
operation is expected once conditions such as small thresholds of both continuous
wave (CW) lasing and CML installation, along with rapid saturation of the NLM
absorber, are accomplished.
3. RESULTS AND DISCUSSIONS

In this paper, the mode-locking threshold of a nonlinear mirror mode-locker
(Pcr) consisting of Nd:GdCOB SFD medium is calculated. For comparison, the case of
LBO or GdCOB with different phase matching direction, as the NLC in the NLMML
laser with fundamental laser emission of Nd:YVO4 gain medium is considered as
well. Using expression 6, Pcr value and its dependence on several key parameters is
calculated and analyzed. Figure 3a shows the variation of Pcr for various NLC
lengths of the Nd:GdCOB SFD medium, employed in NLM configuration. Figure 3b
shows the calculated average power necessary to establish CML operation of NLM
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SFD Nd:GdCOB laser, for crystal lengths between 5 mm to 15 mm. The beam
radius was supposed to be equal to 105 µm.
The critical intra-cavity peak power needed for stable mode-locking
operation of Nd:GdCOB based SFD-NLM laser, decreases for longer nonlinear
crystals, according to Eq. 6. However, the NLC length should be carefully chosen
in order to overcome issues that may appear due to spatial walk-off or to the nonoptimum overlap with the Rayleigh range of the incoming fundamental beam
(incident on NLC).

Fig. 3 – The NLMML threshold, expressed as: a) the critical intra-cavity peak power, Pcr,
of the Nd:GdCOB SFD laser with various PM directions vs. nonlinear crystal length;
b) the critical average power, Pave cr assuming 2 ps pulses at 150 MHz repetition rate.

The average fundamental power (Pave cr) that has to be provided with
Nd:GdCOB, cut along each of the phase matching directions, is smaller than 0.5
W, for 5 mm crystal length. For a 15 mm long Nd:GdCOB crystal Pave cr decreases
to less than 0.2 W. It is noteworthy to mention that in order to estimate the proper
pump power, necessary for CML, one needs to take into account the first lasing
threshold, i.e. the CW (free-running) lasing threshold as well. For example, in the
case of Nd:GdCOB the CW lasing threshold is ~2 W, indicating that a pump power
of at least 2.5 W is mandatory to obtain CML with Nd:GdCOB SFD-NLM laser.
However, the ratio between second threshold, i.e. ML threshold and CW threshold
is maintained at sufficient low value of ~1.25. This ratio is less than 2 indicating
that NLM device is a fast saturable absorber with low mode-locking threshold, as
compared to SESAM mode-locking approach that usually has a critical power
against QML instabilities much higher than the CW lasing threshold.
U. Keller et al. reported that stable ML can be obtained with SESAM
technology for pump power levels assuring laser fluence (pulse energy) necessary
to reach 3 to 5 times the saturation fluence of the absorber [10]. For instance,
assuming a SESAM with 60 μJ/cm2 saturation fluence [11], pulses of 150 MHz
repetition rate, and a beam radius of 105 μm, incident on SESAM, this will
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correspond to a critical average power between 9.4 to 15.6 W, thus, much higher
than that calculated with NLM absorber based on Nd:GdCOB SFD medium.
For comparison, we applied this method to Nd:YVO4 medium, frequency
doubled by LBO or GdCOB-1 to GdCOB-4 nonlinear crystals. The results are
illustrated in Fig. 4a. Analogous to the case of Nd:GdCOB, the beam radius was set
equal to 105 µm. Figure 4b contains a zoom in of the Pcr dependence (in Fig. 4a)
for practical crystal lengths, having values between 5 mm to 15 mm. Also, the
NLMML threshold for Nd:YVO4 frequency doubled by LBO or GdCOB-4 (of
highest nonlinearity) is studied, and the results are compared with the threshold of
Nd:GdCOB SFD laser (here Nd:GdCOB was also cut along PM direction with
maximum nonlinear coefficient).

Fig. 4 – The NLMML threshold of the Nd:YVO4 laser, frequency doubled by LBO or GdCOB,
vs. the nonlinear crystal length, in several conditions: a) LBO and different GdCOB orientations;
b) LBO, the best orientation of GdCOB and comparison with the NLMML
threshold of Nd:GdCOB SFD laser.

From Fig. 4, it is obvious that critical peak power decreases for high effective
nonlinear coefficient. These data compare very well with the values reported by
Ja-Hon Lin et al., i.e. ~200 W intra-cavity peak power, for 40 ps pulses at 121
MHz, achieved from NLMML Nd:GdVO4 laser, with NLC consisting of a 10 mm
long KTP (of high nonlinearity, deff = 3.5 pm/V) [17].
From Fig. 4b we observe that Pcr of Nd:GdCOB SFD medium is approximately
2.2 times that of Nd:YVO4 medium, for the NLM consisting of the same nonlinear
matrix (GdCOB-4).
Figure 5a highlights the influence of the fundamental beam focusing strength
on Pcr, in the case of Nd:GdCOB SFD-NLM laser. In this simulation is considered
a crystal length that is adequate for the Rayleigh range of the laser beam inside
NLC, thus, it is assumed that no additional losses were induced, and the effect of
spatial walk-off on the conversion efficiency is negligible.
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Figure 5b shows the dependence of Pcr for the SFD Nd:GdCOB medium as
compared to the Nd:GdCOB or Nd:YVO4, when is frequency doubled by LBO.
Figure 5a is very important, while it confirms the second order dependence of the
Pcr, on the fundamental beam radius focused inside the SFD medium. At strong
fundamental beam focusing inside NLC, Pcr is small enough for each Nd:GdCOB
crystal, cut along different PM directions.

Fig. 5 – a) The ML threshold of the Nd:GdCOB SFD-NLM laser with various PM directions
vs. fundamental beam radius inside NLC; b) the NLMML threshold dependence on focusing
strength for three cases: Nd:GdCOB frequency doubled by LBO, Nd:YVO4 frequency
doubled by LBO and Nd:GdCOB SFD.

With a 55-μm beam radius inside NLC, the calculated Pcr for Nd3+-doped
GdCOB-1, GdCOB-2, GdCOB-3 or GdCOB-4 are 184 W, 108 W, 141 W and 63 W
respectively. These intra-cavity peak powers are very small, indicating that
efficient and low threshold NLMML laser could be demonstrated for Nd:GdCOB
SFD medium, in future experiments. Figure 5b is a clear demonstration of the
significant change in critical intra-cavity power due to mode size variations
occurring inside NLC, in the case of SFD-NLM laser, as compared to conventional
NLMML laser, with separate active medium and nonlinear crystal. The green
squares correspond to the Nd:GdCOB laser frequency doubled by LBO and the
orange circles indicate the critical intra-cavity peak power for the Nd:YVO4 laser
frequency doubled by the same LBO crystal.
The difference in the Pcr values for the two lasers come from the particular
properties of the employed laser media, i.e. their spectroscopic characteristics. The
lasing threshold, for CW Nd:GdCOB laser is about 2 W, while the same threshold
for Nd:YVO4 laser is about 10 times lower.
Despite that Nd:GdCOB medium is not as efficient as Nd:YVO4, in the case
of the NLMML laser, the critical intra-cavity peak power of the Nd:GdCOB laser
is only 2.5 times higher than that of the Nd:YVO4 laser.
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If the Nd:GdCOB SFD-NLM laser is considered (here the Nd:GdCOB is cut
on phase matching direction with deff ~1.85 pm/V) we see that at sufficient beam
focusing inside Nd:GdCOB, which can, in real experiments, be the effect of
thermal lensing as well, the critical intra-cavity peak power of the Nd:GdCOB
SFD-NLM laser approaches the value of the Nd:YVO4 NLMML laser. Also, for
beam sizes less than 60 μm, Pcr, of the Nd:GdCOB SFD-NLM laser, goes even
below that of Nd:YVO4 NLMML laser.
Still, we have to take into consideration that the final critical pump power
that needs to be delivered to the SFD-NLM laser up scales with continuous wave
lasing threshold. Next, the value of Pcr for various effective nonlinear coefficients
and 10 mm long NLCs is evaluated. Figure 6 illustrates the calculated Pcr data for
wNLC of 105 μm (or 55 μm), in two situations: Nd:YVO4 laser with GdCOB as NLC
and the Nd:GdCOB SFD laser.

Fig. 6 – The NLMML threshold dependence on the effective nonlinear coefficient
computed for NdYVO4 or Nd:GdCOB lasers, in two focusing conditions,
i.e. with wNLC of 105 μm and 55 μm, respectively.

From Fig. 6 we can see that the Nd:GdCOB SFD laser has, typically, a higher
NLMML threshold as compared to Nd:YVO4 laser with NLM consisting on
GdCOB with the same nonlinearity as that of Nd:GdCOB SFD medium. The ratio
between Pcr of Nd:GdCOB and that of NdYVO4 is around 2.2 for wNLC= 105 μm,
while, for wNLC ~ 55 μm, this ratio lowers two times.
It is concluded, once more, that the focusing strength inside NLC is the key
factor influencing the NLMML threshold of the Nd:GdCOB SFD laser, and also it
has a direct impact on the overall laser emission efficiency. Still, is important to keep
in mind that, at too strong focusing, the high thermal effects could either enhance
(higher order modes oscillation suppression) or destroy mode-locking (by down
scaling the output power of the laser).
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Finally, the studies were focused on finding the mode-locking threshold of
NLM device for various dichroic mirror linear reflectivity. The reflectivity of the
DM at SHW was assumed to be equal to 1 in all the simulations.
Figure 7 shows the values of Pcr for Nd:GdCOB SFD vs. Nd:YVO4 lasers, at
various DM linear reflection coefficients (at fundamental wave) and wNLC = 105 μm.
Beyond 50% reflectivity of DM, at FW, the Pcr is less than 2 kW, for Nd:GdCOB
SFD laser. Contrary, at similar DM reflectivities, but with Nd:YVO4 laser crystal
instead, the value of Pcr is about 1 kW.

Fig. 7 –The NLMML threshold (for 10 mm long NLC and beam radius of 105 µm) vs. the DM
linear reflectivity at fundamental wave: a) the case of Nd:GdCOB SFD laser; b) the case
of Nd:YVO4 laser frequency doubled by GdCOB or LBO.

Figure 8 shows the Pcr data for wNLC ~ 55 µm. Better results, i.e. smaller Pcr
values of less than 700 W, for Nd:GdCOB SFD laser, were determined in this case.

Fig. 8 – The NLMML threshold of the NdGdCOB SFD laser, for 55 µm beam radius,
vs. the DM linear reflectivity at fundamental wave.
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Then, the optimum value of TFW is depicted, when using two different beam
sizes inside the SFD medium (105 µm and 55 µm).
Figure 9 shows the value of the fopt for Nd:GdCOB SFD laser, when the beam
focused dimensions inside SFD medium are wNLC ~105 μm and wNLC ~55 μm, for
different transmissions (TFW) of DM. Interesting to notice the increase of this factor
by about four times, when the focusing strength is more pronounced, thus for
wNLC ~105 μm, at highest effective nonlinearity of Nd:GdCOB SFD medium, the
factor fopt is ~5.3, while for wNLC ~55 μm, the same factor increases up to ~20.7.

Fig. 9 – The optimization factor for Nd:GdCOB SFD-NLM laser:
a) wNLC = 105 μm; b) wNLC = 55 μm.

In all the cases, the optimum transmission at FW, of the dichroic mirror, i.e.
TFW, is around 5 %. Also, very curious to find that beyond the optimum TFW for the
Nd:GdCOB SFD-NLM laser, the optimization factor decreases its value with an
exponential decay law. For the strong focusing case, i.e. wNLC ~ 55 μm, the decay
constants were 4.98, 5.04, 5.01 and 5.07 for 0.63 pm/V, 1.075 pm/V, 0.82 pm/V
and 1.85 pm/V effective nonlinear coefficients of Nd:GdCOB, respectively.
4. CONCLUSIONS

A novel approach of passive mode-locking by using self frequency doubling
media in conjunction with nonlinear mirror technique is proposed and discussed for
the first time to my knowledge. Numerical simulations of the mode-locking threshold
(expressed as critical intra-cavity peak power at fundamental wave, Pcr) for two
cases, i.e. NLMML laser with SFD Nd:GdCOB cut along different phase matching
directions and NLMML laser with Nd:YVO4, frequency doubled by LBO or GdCOB
with various PM directions, are performed. The dependence of Pcr on nonlinear crystal
(NLC) length, focusing strength inside NLC, effective second order nonlinear
coefficient of NLC and linear reflectivity of the dichroic mirror, is analyzed and
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discussed. The achieved numerical results are comparable with those previously
reported for the Nd:GdVO4 NLMML laser with 10 mm long KTP. The SFD-NLM
ML laser is primary influenced by the beam focusing inside NLC, that is also changed
by high refractive power of the SFD medium. Higher reflectivity at fundamental
wave decreases the NLMML threshold, while, the modulation depth of the NLM
fast saturable absorber decreases, thus a compromise should be done to choose the
right RFW value. An optimum reflectivity of dichroic mirror was calculated, and a
value of 95 % was achieved for the Nd:GdCOB SFD-NLM mode-locked laser. The
mode-locking threshold of Nd:GdCOB SFD laser is higher, yet comparable to that
of Nd:YVO4 laser, and can be reduced further by using high optical quality crystals.
Also, optimization of the concentration and SFD crystal length, are mandatory for
successful SFD-NLMML experiments. Nevertheless, finding new SFD media [21]
possessing improved spectroscopic characteristics (compared to those of Nd:GdCOB),
could, inherently, be beneficial for future SFD-NLM lasers with low mode-locking
threshold. These numerical simulations are of great meaning for future development
of NLMML lasers based on SFD media. Also, this scheme of SFD-NLM could be
implemented further in real experiments and may lead to significant new results.
SFD-NLMML experiments with Nd:GdCOB medium is currently under investigation.
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