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HIGH POWER ND: YVO4 LASER MODE-LOCKED BY
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Xpucmo Hnues, Hean bvusapos. CUHXPOHU3ALMA HA MOJJOBETE HA MOIIEH ND:YVO,
JIA3EP ITIOCPEJICTBOM KACKAIHA HEJIMHEMHOCT OT BTOPH ITOPSIIBK

B cratusra ca mpeacTaBeHH €KCIEPUMEHTAIHU PE3ylNTaTH OT TacHBHA CHHXPOHHU3ALUs Ha
momoBere Ha Nd:YVO, mazep mocpencTBOM IbpBM THII TEHepalHs Ha BTOpa XapMOHHYHA B
MIEPHOIMYHO TMOJSIPU3NPAaHN HennHelHHn Kpucramu. OmnmcaHW ca JBa HEIWHEHHH edekTa, KOUTO
JOTIPHHACSAT 33 CHHXPOHM3AIUATA Ha MOJOBETE: (JOpPMHpAHE HA HeMHHEHHa 3 *-Tema B pe30HaTOpa i
OTpakeHHe OT HeJIMHEHHO orienaio ¢ yasossaHe Ha yecrorara (HOYY). HOVY, unero orpaxenne
3aBUCH OT MHTEH3UTETa Ha JIbYCHHETO B PE30HATOPA, OCUIYpsiBa CaMOCTapTUpaHE U YCTOHUYMBO
HOJIbPXKAHE HA POKMMA HA CHHXPOHM3ALMS HA MOJOBETE, AOKaTo (opMmupanero Ha x'?-memara
JIOIPUHACS 32 MHOTOKPAaTHO CKBbCSBaHE IMPOABIDKUTEIHOCTTA Ha UMITyJicuTe. Ta3u XnOpHaHa TeXHHUKA
M03BOJIIBAa TEHEPUPAHETO HA CTAOMIIHA MOCNIEA0BATETHOCT OT UMITYJICH C BHCOKA CpelHA MOLIHOCT U
MIPOJBIKUTETHOCT HA OTAEIHUSA UMITyJIC 0 HAKOIKO ps. Ilomyuenara cpeaHa MOIIHOCT C HEITHHEH-
HOTO orJiefano, 0a3upaHo Ha HEMMHEEH KpHUCTan (JUTHEB TpuOopaT), € B uHTepBana 3,2-4,1 W, a c
MIEPUOMYHO TOJIIPU3UPAH CTeXHOMETpHUeH auTHeB Tantanat e 0,7-2,7 W I[IpoxbmkuTenHocTTa Ha
HMILyJICUTE € COTBETHO 8,3 ps U 6,3 ps, a yecToTara Ha ciaensade ~110 MHz.
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Experimental results on passive mode-locking of an Nd: YVO, laser using type-I intracavity
frequency doubling in bulk and periodically poled nonlinear crystals are reported. Both, negative x*
lensing and frequency doubling nonlinear mirror (FDNLM) are exploited for the laser mode-locking.
The FDNLM based on intensity dependent reflection in the laser cavity ensures self-starting and self-
sustaining mode-locking while the y  lens process contributes to substantial pulse shortening. This
hybrid technique enables generation of stable trains of pulses at high-average output power with
several picoseconds pulse width. The pulse repetition rate of the laser is in order of 110 MHz with
average output power ranging from 3.2- 4.1 W in the case of using bulk lithium triborate (LBO)
nonlinear crystal and 0.7 W to 2.7 W in the case of using periodically-poled stoichiometric lithium
tantalate. The measured pulse durations were 8.3 ps and 6.3 ps respectively.
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1. INTRODUCTION

Nowadays, diode-pumped mode-locked neodymium (Nd) lasers operating at
~100 MHz repetition rate, are the main source of high average power picosecond
pulses with duration ranging from a few up to more than hundred picoseconds [1—
4]. Such laser sources are particularly attractive for nonlinear optics and
spectroscopy as well as for applications in medical diagnostics and micro-
machining. In general, much shorter pulses can be generated with passive mode-
locking which, in contrast to active mode-locking techniques, does not require
external driving source and the repetition rate is determined solely by the round trip
time of the cavity [1].

With few exceptions, e.g. the additive mode-locking [5], multi-Watt operation
of picosecond diode-pumped Nd oscillators has been demonstrated mainly by two
passive mode-locking methods, one based on semiconductor saturable absorber
mirrors (SESAMs) [6-8] and the other—on intracavity frequency doubling. The
highest average powers demonstrated so far with SESAM technology and
Nd:YVO, or Nd:YAG are in excess of 20 W [7,8,9]. Although SESAMs are well
established devices for lasers emitting around 1 pm, their residual absorption,
leading to heating, is the major intrinsic drawback which determines their damage
threshold (current state of the art is ~0.5 GW/cm” at 20 ps pulse duration) [7], and
limits their power scaling capabilities. Intracavity frequency doubling is a
promising mode-locking approach for up-scaling the power of such picosecond
solid-state lasers because the damage threshold of nonlinear crystals is an order of
magnitude higher and the low residual absorption at the fundamental wave enables
operation at high average power. Furthermore, this approach is easily extendable to
any laser spectral region.

In the case of intracavity type-lI second-harmonic generation (SHG), two
different passive mode-locking mechanisms can be utilized. The first one is based
on the intensity dependent reflectivity of the frequency-doubling nonlinear mirror
(FDNLM), consisting of a crystal for SHG, a dielectric mirror, and dispersive
medium between them [10-13]. In this scheme, the second harmonic generated
upon passing through the nonlinear crystal (NLC) is completely reflected by the
dielectric mirror and interacts again with the fundamental on its way back through
the same nonlinear crystal, thus a double-pass (cascaded) SHG process takes place.
The dielectric mirror should be a dichroic mirror (DM), having comparatively low
reflectivity at the fundamental and high reflectivity at the second harmonic. Hence,
the reflectivity of the combination, crystal for SHG and a dielectric mirror, called
FDNLM, is governed by the back conversion from second harmonic to the
fundamental [12,14]. The dispersive medium determines the relative phase shift of
the fundamental and second harmonic waves accumulated between the NLC and
the DM. The main drawback of the FDNLM is the longer duration of the output



pulse in comparison with the pulse traveling inside the laser cavity [15]. The
second mode-locking mechanism is based on cascaded »'* lens formation [2,16]. It
does not exhibit the pulse duration limitation characteristic for the FDNLM. Thus it
provides shorter pulses but higher nonlinearity is required for self-starting mode-
locking. Also, this technique is sensitive to external perturbations. In this respect,
2? lens mode-locking assisted by FDNLM has a potential which has not been
exploited effectively, yet [17], although this is a natural combination of two effects
taking place in the same mode-locking device, in contrast to combining y  lens
formation with a SESAM [18]. Moreover, the potential of quasi-phase-matched
materials with their high effective nonlinearity and absence of spatial walk-off
seems not to have been properly utilized. There are only a few reports in which
SHG in periodically poled KTP (PPKTP) has been employed for passive mode-
locking [10,19] although the FDNLM with PPKTP produced so far the highest
average powers (5.6 W with Nd:YVO,) for the intracavity frequency doubling
approach [10].

In this work we present the results on passive mode-locking of an Nd: YVO,
laser by cascading second order nonlinearity. The FDNLM is investigated using a
commercially available LBO NLC. The hybrid technique is also utilized with
periodically polled stoichiometric lithium tantalate. In this schema the FDNLM
initiates the passive mode-locking process and ensures self-sustained operation
while the defocusing y® effect leads to the shortest pulse duration of 6.3 ps. Thus,
although each of the two mode-locking mechanisms in principle can be used alone
for passive mode-locking of the laser, the hybrid scheme proves beneficial for the
robust laser performance in this study. The output power is ranging from 0.7 W to
2.7W.

2. EXPERIMENTAL SET-UP

The design of the mode-locked laser is based on a 1.4 m long linear cavity
(Fig. 1). The active element (AE) is a 5-mm long, 0.5 at. % doped Nd: YVO,
crystal with an aperture of 2.5x2.5 mm”. The a-cut cut sample is 1.5°-wedged. It is
pumped by a 50-W 808-nm laser diode bar coupled into a 400 um optical fiber (NA
= 0.22). The AE is mounted in a metal holder maintained at a temperature of 25°C
by running water. The resonator end mirrors are the high-reflective rear face of the
AE and the flat output coupler (OC). The other face of the AE is antireflection
coated. The radius of curvature of the folding mirror M1 and the focal length of the
lens F3 (80 mm) are chosen to ensure beam radius of 80 pum in the nonlinear crystal
(NLC) and 200 um in the AE. Single transverse mode operation is achieved by
overlapping the resonator eigenmode with the pump waist formed by the objective
lenses F1 and F2.
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Fig. 1. Schematic of the laser cavity: F1, F2—pump objective; AE—Nd:YVO, active element;
M, M1, M2—highly reflecting mirrors at the fundamental wavelength, F3—focusing lens, NLC
nonlinear crystal, OC—output coupler

After initial cavity alignment, the distance between lens F3 and output coupler
OC is optimized for maximum output power in the fundamental transverse mode -
TEMy,. The laser operates in o-polarization. The distance between the NLC and
OC is set around 25 mm. This distance is optimized for each mode-locking
experiment by translating the NLC in order to achieve self-starting and continuous
mode-locked operation.

3. MODE-LOCKING TECHNIQUE

The intracavity type-I SHG provides two different types of passive mode-
locking mechanisms: The first one is amplitude shaping and based on the intensity
dependent reflectivity of the FDNLM and the second one is phase shaping and
based on cascaded y® nonlinear phase shift of the fundamental wave, i.e. ¥ lens
mode-locking.

A schematic of the FDNLM is shown on Fig. 2. The FDNLM consists of the
frequency doubling NLC and the dichroic mirror DM, high reflecting at the second
harmonic (2w) and partially reflecting at the fundamental (w) wavelength. In
general, the reflection by the FDNLM includes a two-way pass of the beam through
the NLC. At perfect phase-matching of the SHG, the FDNLM reflection is
governed by the SHG conversion efficiency which is a function of the input beam
intensity and the phase difference Api, = 2¢1i, — @2, between the fundamental and
second harmonic wave in the beginning of the second pass through the NLC. If
Apin = Apoyy £ CmtD)z, m =0, 1, 2.., see Fig. 2, the second harmonic is partially
reconverted into the fundamental on the way back, leading to increase of the
FDNLM reflectivity at the fundamental wavelength. The higher the intracavity
intensity, the higher will be the FDNLM reflectivity with respect to the
fundamental wave.
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Fig. 2. Schematic of the FDNLM: NLC, nonlinear SHG crystal; DM, dichroic mirror

If the DM reflects partially the fundamental wave, the value of the FDNLM
reflectivity can be higher than the value of the linear reflectivity of this mirror.
Thus the FDNLM introduces a positive nonlinear feedback into the laser resonator.
The nonlinear reflectivity Ryp normalized to the reflectivity R, of the dichroic
mirror is shown on Fig. 3a as a function of the single pass SHG efficiency. In the
case of Ay, = A@oye = 2mm, m =0, 1, 2..., in the second pass through the nonlinear
crystal, the phase difference 4¢;, between the fundamental and the second harmonic
waves enables further conversion of the fundamental into the second harmonic
wave leading to further decrease of the fundamental beam intensity. Thus the
FDNLM introduces a negative nonlinear feedback and the FDNLM reflectivity
decreases with increasing intensity of the fundamental beam, i.e. with increasing
single pass SHG efficiency, see Fig. 3b. The proper adjustment of the value of Ag,
for specific FDNLM operation is realized by changing the distance between NLC
and DM or by slightly rotating a glass plate placed between the NLC and DM. In
both cases the dispersion in air and glass causes change in Ag;,. Originally the
FDNLM was proposed first by Stankov [19] as a mode-locking technique based on
perfectly phase-matched SHG.

In the presence of phase-mismatch, the back conversion to the fundamental
upon the second pass through the NLC depends on the phase shiftq = A¢, - kL,

where Ak =k, - 2k,the wave vector mismatch, and L is is the length of the SHG

crystal. Hence, the intensity dependent reflectivity of the FDNLM is a function of
the additional parameter AkL which leads to new requirements for Ag;, in
comparison to the perfect phase matching case. Figure 4 shows the normalized
nonlinear reflectivity Ryi/R,, of the FDNLM, the pulse shortening ratio 7./, equal
to the reflected pulse duration 7, divided by the pulse duration of the input pulse
T, and the nonlinear phase shift ¢; of the fundamental wave reflected by the
FDNLM.
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Fig. 3. Analytically calculated normalized FDNLM reflection as a function of the SHG
efficiency for perfect phase matching and different Ry, () Agin= Apou £ Qm+1)m; (b) Agin = Apoy =
2mm, m=0,1,2...

The numerical analysis in Fig. 4 is performed within the plane-wave
approximation assuming vanishing residual absorption. The corresponding coupled
wave equations can be found elsewhere [15]. The parameters chosen are R, = 80%
and u;o= 1 where the normalized input amplitude u, is defined by ug;= ao.L, with

—the nonlinear coupling coefficient, and ao—the input amplitude [20]. The
physical meaning of the normalized input amplitude u; can be understood from the
expression for the stationary conversion efficiency = tanh®(uo,) in the case of
single pass SHG of a plane wave with input amplitude a¢; and perfect phase
matching. The magnitude of the pulse shortening as well as the actual existence of
such pulse compression capability, depend primarily on Ag;,. The pulse shortening
is maximized when Agj;, is in the 1.57—1.757 range and this range remains in the
vicinity of 1.5z when the phase mismatch AL is varied between 0.3 and 1.5 rad.
For phase-mismatch exceeding 5 rad, the pulse shortening effect of the FDNLM
becomes negligible.



1,7
1,6

’’’’’’

out “in
L
\
/
7
o
\‘
()]

Pulse shortening ratio = /z

Fig. 4. Calculated pulse shortening ratio z,,/7;, (solid line), normalized nonlinear reflectivity Rxi /R,
(dotted line), and nonlinear phase shift ¢; of the fundamental wave (dashed line), as functions of Ag;,

The second mode-locking mechanism is based on self-phase modulation of the
fundamental wave, due to cascaded »® nonlinearity, where the cavity losses are
modified by the y® lens formation. This leads to fundamental wavefront
defocusing/focusing with intensity dependent focal length. The resulting lens in
combination with appropriate hard or soft aperture causes strongly nonlinear
intracavity loss modulation and eventually leads to mode-locking. In contrast to the
third order Kerr effect, where the resulting lens effect is only positive (i.e. focusing
lens), in cascaded second order nonlinearity the lens type depends on the sign of the
phase-mismatch AkL and it can be “+” which means a negative or diverging lens
and “—* which means a positive or converging lens. Also, the nonlinear phase shift
can be saturated. The saturation intensity depends on the phase mismatch parameter
AkL and increases when moving away from the perfect phase matching point. In
contrast to the FDNLM technique, the cascaded y ® lens mode-locking exists only
for SHG at non-phase-matched condition, i.e. at AkL # 0.

For better understanding of the y® lens formation and the way it leads to the
phase shift, let us consider the case when a fundamental wave w is incident on a
type-I nonlinear crystal. In non-phase-matched condition the power is continuously
converted from the fundamental to the second-harmonic (up-converted) and from
second-harmonic to the fundamental (down-converted). A part of the initial
fundamental wave is up-converted into second harmonic according to 2w = @ + @
and the two waves travel with different phase velocity. Due to the coupling of the
two nonlinear processes a part of the second harmonic is back-converted to the
fundamental according to w,. = 2w — w and this regenerated fundamental wave has
different phase from the initial fundamental wave that has not been converted to



second harmonic. The phase difference depends on the conversion efficiency and
consequently on the intensity of the incident beam. If the radial distribution of the
beam is not uniform, this will introduce curvature to the fundamental wavefront and
the cascaded y ¥ process will act as a focusing or defocusing lens with intensity
dependant focal length.

4. EXPERIMENTAL RESULTS AND DISCUSSION

4.1. Mode locking using SHG in LBO crystal

For the FDNLM we used a LBO crystal with dimensions 2x2x20 mm” cut for
noncritical phasematching. Both 2x2 mm’ faces are antireflection coated for
fundamental and second harmonic wavelengths. The crystal is placed into an oven
which controls the temperature to an accuracy of 0.5 °C. The NLC is slightly tilted
in respect to the optical axis in order to avoid etalon effects.

When the resonator with the NLC inside (see Fig. 1) is optimized for
maximal efficiency, the NLC temperature was set for optimal phase-matching
conditions (7xrc ~150 °C), measuring second harmonic passed through mirror M1.
However, the most efficient ML regime is achieved when the phase differences
Apin = Apow £ (2m+1)xm. To achieve this condition, we optimized the distance
between the NLC and output coupler in such a way that the SH wave, generated in
the first pass through the crystal is converted back into fundamental wave during
the second pass.
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Fig.5. Input-output characteristics of the Nd:YVO, laser. Output coupler with 7= 20% for
fundamental and HR for SH used. The mode-locking zone is marked by ovals

The dependence of the output versus the incident pump power is shown in
Fig.5. We observed stable mode locking operation in the pump power range



between 12 and 15 W where the output is between 3.3 to 4.1 W, respectively. In
this case, the measured FWHM of the autocorrelation trace is 12.8 ps, Fig. 6,
which corresponds to pulse duration of 8.3 ps, assuming sech” pulse shape.
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Fig. 6. Autocorrelation function measured by rotating-mirrors (continuously scanning)
autocorrelator using non-collinear SHG

4.2. y? lens mode locking assisted by FDNLM

Mode-locked operation is this case was studied with four different output
couplers, three DMs with partial reflectance (OC1 with 95%, OC2 with 80% and
OC3 with 70%) at the fundamental wavelength and highly reflective for the second
harmonic, and one DM, OC4, with partial reflectance (95%) at the fundamental and
highly transmitting the second harmonic. The phase matching of the intracavity
PPMgSLT crystal is controlled by changing the crystal operating temperature. The
measured second-harmonic power versus temperature shows maximum conversion
efficiency at 29°C (holder temperature) and ~4°C FWHM of the temperature phase-
matching curve (Fig. 7). Stable passive mode-locking operation is observed,
however, at higher temperatures, around 34.5 °C. The optimum temperature varies
in an interval of £0.5°C for each experiment.
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Fig. 7. Normalized single-pass second harmonic (SH) intensity as a function of the crystal
holder temperature (7) measured in the continuous-wave regime with OC4 but similar dependence is
observed for all DMs

A temperature induced phase-mismatch of ~4.8 rad at 34.5°C is calculated
using the temperature dependent Sellmeier equations for stoichiometric lithium
tantalate (SLT) [21]. Similar value of ~ 4.5 rad is calculated using the value 8 =
0.81 rad/°C for the phase-mismatch coefficient, obtained by fitting the curve in
Fig. 7 with theoretically calculated SHG signal for the resonator Gaussian beam as
a function of mismatch (AKL/2) = OAT [23].

The highest output power and efficiency in mode-locked operation are
achieved with the 30%-transmittance output coupler OC3. Figure 8 shows the
dependence of the output versus the incident pump power. The laser threshold is
3.6 W. Passive mode-locking is observed in two distinct pump power ranges, from
10 to 10.5 W and from 13.1 to 14.6 W. The modeling of the field distribution in the
resonator shows two stability zones depending on the thermal lens in the Nd:YVO,
AE. In the vicinity of the zone limits the mode size in the AE is changing.
Therefore the efficiency is dropping due to non-optimum overlapping with the
pump beam.



N

a1
\
S
/

2 20 //H \‘\. \,'
2 1 / .
a Lol Slope
a2 | Efficiency = 38%
5 0st 7

0,07

4 6 8 10 12 14 16
Pump Power [W]

Fig. 8. Laser output power as a function of incident pump power using OC3

The highest output power (2.5 W) in stable mode-locking regime is obtained
at 12.8 W of incident pump power. In this case, the measured FWHM of the
autocorrelation trace is 14.4 ps, Fig. 9a, which corresponds to pulse duration of
9.4 ps, assuming sech? pulse shape. The shortest pulse duration, 6.3 ps, see Fig. 9b,
is obtained using OC1 with 5% transmittance at the fundamental, highly reflecting
at the second harmonic.
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Fig. 9. Autocorrelation functions using two dichroic output couplers with high reflectivity at the
second harmonic, OC3 (a) and OC1 (b)

Successful mode-locking is achieved with all the three dichroic OCs with
different transmission at the fundamental wavelength and high reflection at the
second harmonic. In this case both nonlinear reflection and y® lens process are
simultaneously present. The nonlinear reflectivity of the FDNLM strongly depends



on the phase-mismatch and reaches a maximum level when the second harmonic is
perfectly phase-matched. On the other side, y ® lens exists only if there is a phase-
mismatch. As can be seen from Fig. 10, this effect is, however, essential for
obtaining short pulses, compare with Fig.7. In fact, at the experimentally observed
phase-mismatch, calculations predict negligible pulse-shortening effect from the
FDNLM action as described in Fig. 4.
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Fig. 10. Pulse duration (symbols) of the mode-locked Nd:YVO, laser at maximum output
power with OC1, measured in dependence on the NLC holder temperature T’

In order to analyze the relative contribution of the two mechanisms to the
mode-locking process we suppress the FDNLM effect by using OC4 having the
same reflectivity as OC1 at the fundamental but high transmission at the second
harmonic. The laser threshold is the same as in the case of using OC1. The stable
output power in the mode-locking regime amount 0.7 W, at a pump power around
13 W. The measured autocorrelation trace width is 7.2 ps corresponding to pulse
duration of 6.3 ps assuming sech’ pulse shape. The mode-locking displays
amplitude fluctuations less than 2% on millisecond time scale and long term
stability with hours of continuous operation.

4. CONCLUSION

We demonstrate operation of a passively mode-locked Nd:YVO, laser by
cascading second order nonlinearities. In the hybrid scheme, the cascaded y® lens
mode-locking process is the dominant mechanism for generation of pulse durations
below 10 ps. Combination of the FDNLM technique with the cascaded y ® lens
improves the long term stability and the self-starting capability of the system. The
main result from the present study is the proof that stable mode-locking can be
obtained up to the maximum output power achievable in the CW mode of
operation. Thus we achieve an order of magnitude higher average powers in



comparison to the previously reported 350 mW with cascaded y ® lens formation in
a Nd:GdVO, laser [16] or a combination with the FDNLM in a Nd:YVO, laser
[18]. So far we are unable to reach the highest power level achieved with the
FDNLM alone, but although 5.6 W were reported in [10] with the same laser
material, the pulse durations in that work (20-ps) are roughly 3 times longer. We
believe, however, that further power scaling of the present system will be possible
by redesigning the laser cavity with special consideration of the thermal lens
formation, shifting the region of stable mode-locking to yet higher output powers,
the limit again being set by the TEMg, power achievable in the CW regime.

As already mentioned, the technique described is feasible in wide spectral
regions, and we plan to apply it in other types of lasers operating at wavelengths
where no SESAMs exist, like Tm-lasers near 2 microns. Moreover, this technique
could be interesting also for Yb-lasers, which emerge as an alternative to Nd-lasers
in the 1-micron spectral range, with a huge potential for power scaling due to the
smaller quantum defect, especially in combination with the thin disk concept.
Although such systems, based on Yb:YAG, have already produced tens of Watts of
output power at sub-picosecond pulse durations [5,23], one of the disadvantages of
three-level Yb-based materials related to their longer lifetimes is that in the mode-
locking regime they are more prone to Q-switching instabilities.
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