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Abstract A short-cavity Nd:YVOy laser is employed to
confirm that a spontaneous mode locking (SML) typically
occurs without employing an extra nonlinearity. We fur-
ther experimentally demonstrate that reducing the number
of longitudinal lasing modes can diminish the phase fluctu-
ation and effectively improve the SML pulse stability. Con-
sidering the spatial hole-burning (SHB) effect, an analytical
expression is derived to accurately estimate the number of
longitudinal lasing modes for a practical design guideline.

1 Introduction

The appearance of spontaneous mode locking (SML) in
laser cavity without using additional nonlinearity except
gain medium is an intriguing phenomenon of laser emis-
sion. During the early research on mode-locking, the SML
phenomenon was observed on different types of lasers in-
cluding He—Ne [1], ruby [2], Nd:glass [3], and argon ion [4]
laser systems. In the mid-1960s, the SML was not consid-
ered to be a reliable approach for the generation of ultra-
short pulses, partly because the mechanism for SML was not
adequately understood. Recently, fairly stable SML pulses
have been obtained in the experiments of Nd-doped vana-
date miniature lasers [5] and Nd-doped double clad fiber
lasers [6]. With the statistical analysis it has been shown
that unless a systematic phase fluctuation over 27 is intro-
duced, the mode-locked behavior will always be observed
in a multimode laser [7, 8]. Although a systematic phase
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fluctuation is usually caused by dispersion effects, theoret-
ical studies on the SML mechanism have confirmed that
the combination tones of the third order nonlinear polariza-
tion terms can help in compensating the dispersion-induced
phase shift [6, 9, 10]. As a result, the SML typically occurs
in a multimode laser without employing an extra nonlinear-
ity except the gain medium. However, the locking strength
due to the nonlinear polarization terms is rather insubstan-
tial. It is therefore crucial to precisely control the number of
lasing modes for achieving relatively stable SML pulses.

Spatial hole burning (SHB) in the gain medium has been
confirmed to be advantageously utilized for lasing mode se-
lection [11-16]. In this work we first experimentally con-
firm that the separation between the gain medium and the
end mirror in a standing-wave SML laser cavity can be em-
ployed to precisely control the number of longitudinal lasing
modes via the SHB effect, leading to a stability improve-
ment of the mode-locked pulses. With mode-locked states
as a basis, we derive an analytical formula to analyze the
number of longitudinal lasing modes. The predictions of the
theoretical model have shown a fairly good agreement with
experimental results.

2 Experimental results

We recently demonstrated that the large third-order non-
linearity of Nd-doped vanadate crystals could be used to
achieve a short-cavity SML operation [5]. Here we employ
the Nd:YVOy crystal to explore the influence of the num-
ber of longitudinal lasing modes on the stability of the SML
performance. The cavity configuration is a linear concave-
plano resonator, as shown in Fig. 1(a). The separation be-
tween the laser crystal and the input mirror, d, is freely
adjusted in the range of 1-11 mm to control the number
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Fig. 1 (a) Cavity configuration. (b) Typical mode-locked pulse train.
(c) Relative frequency deviation of the power spectra Av/v and pulse
width versus number of longitudinal lasing modes. (c1) and (¢2) Im-

of longitudinal lasing modes via the SHB effect. The gain
medium is a-cut 0.5 at.% Nd:YVOy crystal with dimensions
of 3 x 3 x 6 mm?>. Both end surfaces of the Nd:YVOy crys-
tal were antireflection coated at 1064 nm and wedged 2° to
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ages of the measured RF power spectra for the cases of d = 1 mm and
d =9. (d)—(g) Experimental optical spectra for different crystal/mirror
separations

avoid the Fabry—Pérot etalon effect. The laser crystal was
wrapped with indium foil and mounted in a water-cooled
copper holder. The water temperature was maintained at
around 20°C to ensure stable laser output. The input mirror
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was a 20-cm radius-of-curvature concave mirror with antire-
flection coating at 808 nm on the entrance face and with
high-reflectance coating at 1064 nm (>99.8%) and high
transmittance coating at 808 nm on the second surface. A
flat wedged output coupler with 10% transmission at 1064
nm was used throughout the experiment. The pump source
was a 3-W 808-nm fiber-coupled laser diode with core di-
ameter of 100 pm and numerical aperture of 0.20. Focus-
ing lens with 25 mm focal length and 85% coupling effi-
ciency was used to reimage the pump beam into the laser
crystal. The average pump size was approximately 60 um.
The optical cavity length was set to be approximately 2.92
cm, corresponding to a free spectral range of 5.14 GHz. The
mode-locked pulses were detected by a high-speed InGaAs
photodetector with rise time 35 ps, whose output signal was
connected to a digital oscilloscope (Agilent, DSO 80000)
with 12 GHz electrical bandwidth and sampling interval of
25 ps. The output signal of the photodetector was also an-
alyzed by an RF spectrum analyzer (Advantest, R3265A)
with bandwidth of 8 GHz. The spectral information of the
laser was monitored by a Fourier optical spectrum analyzer
(Advantest, Q8347) that is constructed with a Michelson in-
terferometer with resolution of 0.003 nm.

With the optimal alignment for d = 1 mm, the laser out-
put had a slope efficiency of 31%; the output power reached
0.79 W at an incident pump power of 2.6 W. With the real-
time dynamical temporal trace, the laser cavity can be easily
adjusted to be in a SML operation with a pulse repetition rate
of 5.14 GHz, as shown Fig. 1(b). We also found that the aver-
age output power is nearly independent of the crystal/mirror
separation d in the range of 1-11 mm. Figures 1(d)-1(g)
depict the measured optical spectra. The number of longi-
tudinal lasing modes can be clearly seen to decrease with
increasing the separation d. We also measured the radio-
frequency (RF) spectrum of the output power to evaluate the
stability of mode-locked pulse train. Figure 1(c) shows the
experimental results for the relative frequency deviation of
the power spectra, Av/v, where v is the center frequency
of the power spectrum and Av is the frequency deviation
of full width at half maximum and is inferred from the beat
note spectrum. As shown in Fig. 1(c), the value of Av/v is
significantly reduced with decreasing the number of longi-
tudinal lasing modes. Figures 1(c1) and 1(c2) are the images
of the measured RF power spectra for the cases of d = 1 mm
and d = 9 mm, respectively. It can be seen that the relax-
ation oscillation sidebands is improved approximately from
—40 dBc to —50 dBc. Since the relaxation oscillation fre-
quencies for different lasing modes are somewhat different,
the decrease of the number of lasing modes is found to be
beneficial in reducing the frequency deviation for the mode-
locked oscillation. The influence of the relaxation oscillation
on the dynamics of multimode Nd-doped lasers can be re-
ferred to [17-19]. The pulse width was measured with the

help of the commercial autocorrelator (APE pulse check,
Angewandte physik & Elektronik GmbH) and assuming the
sech?-shaped temporal profile. As depicted in Fig. 1(c), the
pulse width increases from 9 ps to 39 ps for the separation
d being varied from 1 mm to 11 mm. The mode-locked
pulses are nearly bandwidth-limited. Our experimental re-
sults manifestly reveal that the compromise between pulse
stability and pulse width should be considered in designing
an appropriate SML laser.

3 Theoretical analysis for number of lasing modes

Since the number of longitudinal modes play a critical role
for the stability of the SML operation, it is useful to develop
a method for estimating the number of lasing modes. Here
we extend the early work of Zayhowski [16] to derive an an-
alytical formula for estimating the maximum number of lon-
gitudinal modes in terms of the cavity geometry and well-
known material parameters. Considering a standing-wave
laser consisting of N oscillating modes and presuming that
all modes have equal amplitude and phase, the normalized
electric field can be given by

EN(X, Y, 2, t)

R D)
_ [ﬁ Z olomt l_sin(kmz)j|1//(x, ¥,2), (1)
m=0 cav

where w;, = (m, +m)rwc/leay, kmy = wm/c, m, is the reso-
nant mode index, and [.,y is the effective cavity length. The
transverse wave function ¥ (x, y, z) is given by

w(x,y,z)z,/2/nwlzexp[—(x2+y2)/w,2], )

where wy is the beam radius. Since the cavity length is much
longer than the laser wavelength, the typical value of m, is
greater than 103, Thus always N < m, holds. After some
algebra, the intensity Iy(x,y,z,1) = |En(x,y,z,1)|> can
be expressed as

In(x,y,2,1)
= N/Qlea) {[Sn (et + 2)/ Qleay) ]’
+ [Sn (7 (et — 2)/Qlean) |
— 28N (7T(Cl + Z)/(zlcav))SN (”(Ct - Z)/(zlcav))

x cos(2kz) }|¥ (x, v, 2) g

3

where Sy(0) = sin(N@)/Nsinf and k = [m, + (N —
1)/2]7/lcay = w,/c. The intensity Iy (x,y, z,t), averaged
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The function represents a standing-wave pattern which is
fully modulated for the position near the reflecting mirrors
and continuously loses contrast for the position away from
the mirrors. Due to the standing-wave nature, superposition
of the light fields of modes results in an envelope function
for the total light intensity. The spatial variation of the en-
velope Sy (z/lcay) occurs on the cavity-length scale to be
much slower compared to rapid undulations of the intensi-
ties of individual modes. As N get larger, Sy (z/lcav) be-
comes narrower such that it only has weight very close to the
end mirrors, i.e., z = 0 and z = l,y. The envelope function
Sn(mz/lcay) has a damping oscillation in the tail, causing
some inconvenience in performing numerical integration.
For a convenient numerical evaluation we use a Gaussian
function
&N (Z) — e_[N”Z/zlcav]2 + e_[N”(lcav_Z)/2lcav]2 (5)
to replace the envelope function Sy (wz/lcay). In terms of
gn(2), the average intensity in (4) can be split into two
terms:

(In(x,y.2))

= v @,y D [1 + v (@)]/ leav — Gres(x, y, 7 N), (6)

where the first term |y (x, y, z)|2[1 + gn(2)]/ lcay indicates
the average intensity without the interference effect and the
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the calculated results for Ges(x, v, z; N) and (Iy(x, y, 2))
as functions of z, where we take N = 11,x =y =0, and
m, = 200 for the convenience of presentation.

The maximum number of modes Ny, that can oscillate
in a standing-wave cavity is determined from the condition
that the maximum value of N in G5(x, y, z; N) leads to the
effective round-trip gain not less than the round-trip losses,
ie.,

201y (Papst/ hvp)

X /// Gres(x,y,2, N)rp(x,y,2)dV
N=Nmax

> In(1/R)+ L, ®)

where o is the stimulated emission cross section, [ is the
length of the gain medium, Py is the absorbed pump power,
vp is the pump frequency, t is the emission lifetime, L is
the round-trip loss, R is the reflectivity of the output cou-
pler, and r(x, y, z) is the normalized pump intensity dis-
tribution. For a gain medium located between z = d and
z =d + [, and using a circular Gaussian beam to express
the pump distribution, r,(x, y, z) is given by

rp (-x’ yy Z)
=(2/7 wi)[ae*“(z’d)/(l — e*“lg)]e*Z(xzﬂ’z)/wﬁ
X O@z—-d)Od+1; —2), ©)
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where « is the absorption coefficient at the pump wave-
length, w, is the pump radius, and @ () is the Heaviside step
function. Note that the gain saturation effect is neglected be-
cause of low intensity levels. Substituting (7) and (9) into (8)
and carrying out the integration in the transverse directions,
we can obtain the relationship of nes(N, d)|N=Npa = ¢»
where the residual gain overlap parameter 15 (N, d) is de-
fined as

Nres(N,d) = (2/lcav)[Ollg/(1 _ e_alg)]
d+ly
) / cos?(kz)gn (z)e D dz (10)
d

and the effective loss-to-pump factor ¢ is defined as

_ [In(1/R)+ L]

) 11
Up/1s) (an

Separation d (mm)

where I, = 2Py /[ (w} + w3)] and Iy = hv, /(o). The
residual gain overlap parameter ns(N,d) represents the
overlap efficiency between the residual gain distribution
and the pump absorption distribution in the longitudinal
direction. The effective loss-to-pump factor ¢ indicates
the ratio of the cavity loss In(1/R) + L to the transverse
gain coefficient /,/I;. As a result, the maximum num-
ber of modes Npax can be determined with the criterion
Nres(N, d)[N=Npox = ¢ and (10) and (11). Figure 3 shows
the calculated results for n.5(NV, d) as a function of N for
several different values of d for the case of the Nd:YVOyq4
laser: lcay = 29 mm, /, = 6 mm, and & = 0.5 mm~!. From
Fig. 3, it is clear that the maximum number of modes Nmax is
decreased with increasing d. For the experimental condition
in Fig. 1, the effective loss-to-pump factor ¢ can be found
to be 3.1 x 1073, where the values of the parameters are as
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follows: o = 2.5 x 10718 cm?2, Py =2.5 W, T = 100 us,
R=0.9, L =0.005, hv, =2.45 x 107'° J, w; = 0.06 mm,
and w, = 0.06 mm. Applying ¢ = 3.1 x 103 into Fig. 3,
the maximum number of modes Ny ,x can be determined as
a function of d, as depicted in Fig. 4. The good agreement
between the theoretical estimations and the experimental
data validate the usefulness of the present model.

4 Conclusions

In conclusion, we have experimentally confirmed that a
SML can occur in short-cavity Nd:YVO; lasers without em-
ploying an extra nonlinearity. We further found that the sta-
bility of the SML pulses could be significantly improved by
reducing the number of longitudinal lasing modes to dimin-
ish the phase fluctuation. Considering the SHB effect, we
have derived an analytical formula to establish the relation-
ship between the number of longitudinal lasing modes and
the crystal/mirror separation. The theoretical estimations for
the number of longitudinal lasing modes were shown to be
in good agreement with experimental observations.
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