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Abstract A diode-pumped passively mode-locked Nd:
CTGG disordered crystal laser has been experimentally
demonstrated for the first time to our knowledge. Mode
locked with a semiconductor saturable absorber mirror, the
laser generated 5.2 ps pulses at a repetition rate of 88 MHz.
After intracavity dispersion compensation, the mode-locked
pulses were shortened to 4.3 ps. Multiple emission wave-
lengths of the Nd:CTGG laser could be synchronously mode
locked under dispersion compensation.

PACS 42.70.Hj · 42.60.Fc · 42.55.Xi

1 Introduction

Neodymium-doped (Nd-doped) disordered crystals have at-
tracted much attention as a new type of laser materials at
1.06 µm [1, 2]. Owing to the random distribution of cationic
ions in some lattice sites, multiple structural centers exist in
the disordered crystal. The presence of multiple structural
centers causes the considerable inhomogeneous broadening
and splitting of the spectral lines in the disordered crystals.
The broad absorption and fluorescence spectra of the disor-
dered crystals favor efficient diode pumping and ultrashort
mode-locked pulse generation. In addition, the disordered

G.Q. Xie (�) · D.Y. Tang · W.D. Tan · H. Luo
School of Electrical and Electronic Engineering, Nanyang
Technological University, Singapore 639798, Singapore
e-mail: gqxie@ntu.edu.sg
Fax: +65-679-04161

S.Y. Guo · H.H. Yu · H.J. Zhang
State Key Laboratory of Crystal Materials and Institute of Crystal
Materials, Shandong University, Jinan 250100, China

crystals have better thermal property than Nd:glass, which
is in favor of high average power output.

So far, Nd-doped calcium niobium gallium garnet
(Nd:CNGG) and calcium lithium niobium gallium gar-
net (Nd:CLNGG) disordered crystals have been developed
[3, 4]. The Nd:CNGG and Nd:CLNGG have a common gar-
net structure and the Nb5+, Ga3+ distribute randomly in
crystal lattices sites, resulting in broadening and splitting
of the spectral lines. Optically transparent Nd:CNGG disor-
dered crystal is a nonstoichiometric compound, and cationic
vacancies exist in the Nd:CNGG crystal lattices. By intro-
ducing Li+ to fill in the cationic vacancies, Nd:CLNGG
disordered crystal is synthesized. Nd:CLNGG disordered
crystal has a more stable stoichiometric structure. CW and
mode-locking operations of the Nd:CNGG and Nd:CLNGG
disordered crystal lasers have been reported [5–10]. The
Nd-doped calcium tantalum gallium garnet (Nd:CTGG)
has a similar garnet structure as Nd:CNGG. Recently, Guo
et al. have reported the growth and characterizations of
the Nd:CTGG disordered crystal [11]. However, no mode-
locking operation of Nd:CTGG laser has been reported to
date.

In this paper we report on a diode-pumped passively
mode-locked Nd:CTGG disordered crystal laser for the
first time. The mode locking of the laser was started and
sustained by a semiconductor saturable absorber mirror
(SESAM). Without dispersion compensation, the Nd:CTGG
mode-locked laser generated stable 5.2 ps mode-locked
pulses at a repetition rate of 88 MHz, and the mode-locked
spectral band of the Nd:CTGG laser was accompanied by
multiple CW spectral lines. After intracavity dispersion
compensation made with a pair of prisms, the mode-locked
pulses were shortened to 4.3 ps. In this case extra spec-
tral lines of the Nd:CTGG laser could also become mode-
locked and multiple-wavelength synchronous mode locking
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Fig. 1 Experimental setup of
the mode-locked Nd:CTGG
laser. ROCs (radius of
curvature) of M1, M2, M3 are
10, 30, 10 cm, respectively

was achieved. In this paper we mainly focus on the mode-
locking performance of the Nd:CTGG disordered crystal
laser. The detailed spectroscopic and structural properties of
Nd:CTGG will be further investigated.

2 Experimental setup

The mode-locked laser setup is schematically shown in
Fig. 1. A single-emitter laser diode was used as the pump
source. The emission wavelength of the laser diode varied
in the range of 802–807 nm with the output power strength.
It is noted that the wavelength shift of the laser diode may
change the proportion that the various structural centers are
excited, thus alters the spectral composition of the laser
spectrum. The pump light was focused into the Nd:CTGG
crystal by two coupling lenses with the same focal length
of 8 cm. The focused pump spot size in the crystal was
100 µm × 250 µm. The Nd:CTGG disordered crystal was
grown by the Czochralski method. The concentration of
Nd3+ was 2 at.% in the melt. The Nd:CTGG rod used in our
experiments had dimensions of 3 × 3 mm2 in cross section
and 3 mm in length. In order to remove the generated heat
in the crystal for effective laser operation, the Nd:CTGG rod
was wrapped in indium foil and mounted tightly in a water-
cooled copper holder that was maintained at a temperature
of 15°C. Both sides of the crystal were antireflection coated
at the pump and laser wavelengths. Under mode-locking op-
eration, the crystal was placed with small incidence angle
with respect to the cavity axis to suppress the Fabry–Perot
etalon effect. A standard X-folded cavity was used in the ex-
periment to achieve a suitable focusing spot on the SESAM
and simultaneously an optimum mode matching with pump
in the laser crystal. The laser mode sizes in the crystal and
on the SESAM were calculated to be ∼45 and ∼35 µm in
radius, respectively. A SESAM with a saturable absorption
of 1% was used to start and sustain the mode locking of the
laser. A pair of SF10 prisms with a tip–tip distance of 49 cm

was used to compensate the cavity dispersion. The cavity
length was kept the same when the prisms were inserted.
The transmission of the two output couplers was 1.5%.

3 Results and discussion

When the SESAM was replaced with a high-reflective plane
mirror, and no prisms was within the cavity, the laser op-
erated in a CW mode. Figure 2 shows the relationship of
the CW output power versus the absorbed pump power. The
output coupler used in the experiment had a transmission of
1.5%. Despite of the transmission losses caused by multiple
cavity mirrors, the laser threshold was as low as 0.21 W of
the absorbed pump power. A maximum CW output power
of 0.63 W was obtained under an absorbed pump power of
3.75 W. The corresponding laser slope efficiency was 20%.
Using the SESAM as an end mirror (Fig. 1), stable mode
locking could be achieved. Without inserting the prisms in
the cavity, the maximum average output power was 107 mW,
achieved under 3.57 W of the absorbed pump power with
slope efficiency of 3.6% (Fig. 2). The low slope efficiency
could be attributed to the large nonsaturable loss of the
SESAM and the reflection loss of the crystal mounted with
a tilting angle.

Stable CW mode locking could be achieved in the laser
only when the absorbed pump power was beyond 2.3 W, be-
low which the laser showed unstable Q-switched mode lock-
ing. With a high-speed detector and 1 GHz bandwidth os-
cilloscope, we measured the mode-locked pulse trains. Fig-
ures 3a and 3b show the CW mode-locked pulse trains in the
ns and µs timescales, respectively. The mode-locked pulses
have a repetition rate of 88 MHz corresponding to the laser
cavity length of 1.7 m. The pulse to pulse intensity fluctua-
tion is estimated to be less than 3%. In the experiment, the
CW mode locking state could be sustained for several hours.

The autocorrelation trace of the mode-locked pulses was
measured with a commercial noncollinear autocorrelator. It
is shown in Fig. 4a. The autocorrelation trace is well fit-
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Fig. 2 Relationship of the
output power versus absorbed
pump power under CW and
mode-locking operations

Fig. 3 CW mode-locked pulse
trains in ns (a) and µs (b)
timescales

Fig. 4 The measured
autocorrelation trace (a) and
optical spectrum (b) of the
mode-locked pulses in the case
without dispersion
compensation
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Fig. 5 The measured
autocorrelation trace (a) and
optical spectrum (b) of the
synchronously mode-locked
pulses under dispersion
compensation

ted with Gaussian profile. The autocorrelation trace has a
FWHM of 7.3 ps. Assuming a Gaussian pulse shape, the
mode-locked pulse duration was 5.2 ps. The mode-locked
pulse spectrum was measured by an optical spectrum ana-
lyzer with a resolution of 0.05 nm. It is shown in Fig. 4b.
Besides the mode-locked band centered at 1059.6 nm, there
also exist three narrow CW spectral lines at 1061.6, 1063.5,
and 1064.9 nm respectively. The CW emissions at these
wavelengths are caused by the special Nd:CTGG gain spec-
trum. We think the extra gain spectral lines are generated by
different Nd3+ structural centers in Nd:CTGG disordered
crystal. Under strong pumping these gain lines can also
reach the lasing threshold. The narrow CW spectral band-
widths are a result of narrow gain line widths of Nd:CTGG
at these wavelengths. We note that a CW component also
exists in the mode-locking band centered at 1059.6 nm. The
actual mode-locked spectral bandwidth should be less than
1.1 nm.

Mode-locking performance of the laser after cavity dis-
persion compensation was further experimentally investi-
gated. We used a pair of SF10 prisms in the cavity for the
dispersion compensation (Fig. 1). After inserting the prisms,
the average output power of the laser had no obvious change,
and CW mode locking could still be achieved. The mode-
locked pulse trains had the same repetition rate of 88 MHz.
By autocorrelation scanning, we further verified that there
was only one mode-locked pulse circulating in the cavity.
Figures 5a and 5b show the autocorrelation trace and op-
tical spectrum of the mode-locked pulses obtained. Com-
paring Fig. 4b and Fig. 5b it is seen that after dispersion
compensation, the CW emission at 1061.6 nm was sup-
pressed. Moreover, the three gain spectral bands centered at
the wavelengths of 1059.6, 1063.5, and 1064.9 nm became
simultaneously mode locked. As there was only one circu-
lating pulse in the cavity, it suggested that the three gain
bands were synchronously mode locked. The synchronous

mode locking of the three gain bands under cavity dispersion
compensation could be understood as the following: with-
out dispersion compensation, light generated by each of the
spectral bands has different propagation speed in the cav-
ity. As the light generated by the weak spectral bands could
not saturate the SESAM by itself, no mode locking could be
achieved on them. After dispersion compensation, light gen-
erated by all the spectral bands has the same group velocity.
Therefore, saturation of the SESAM caused by light of one
spectral band would also have the same effect on the light
of other bands which leads to the mode locking of the other
bands. Because their mode locking is caused by the cross
saturation of the absorber, their mode locking is so synchro-
nized that the generated mode-locked pulses are temporally
overlapped in the cavity. We note that the suppression of the
spectral peak at 1061.6 nm implies the existence of homoge-
nous broadening in the Nd:CTGG gain profile. The strong
emission at 1059.6 nm exhausted the gain at 1061.6 nm.
The widest mode-locking band was at 1059.6 nm with band-
width of 0.6 nm. The synchronously mode-locked pulses
have a pulse duration of 4.3 ps (Fig. 5a). In addition, slight
modulation is observable in the autocorrelation trace, which
may be a result of optical beating between the pulses mode
locked by different spectral bands [7].

It is worth comparing the mode-locking performance of
the different disordered crystals, Nd:CNGG, Nd:CLNGG,
Nd:CTGG, and the ordered crystal Nd:GGG (Table 1). The
Nd:GGG ordered crystal has very narrow gain line width.
Thus the mode-locked pulses of the laser have long dura-
tion [12]. Owing to the inhomogeneous broadening caused
by the disordered crystal structures, the Nd3+-doped dis-
ordered crystals have broader gain line widths, therefore,
these disorder crystals lasers can emit shorter mode-locked
pulses. Among these disordered crystals, the Nd:CNGG
has dual-gain spectral lines with comparable line widths
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Table 1 The mode-locking results comparison of Nd:CNGG, Nd:CLNGG, Nd:CTGG disordered crystals lasers and Nd:GGG ordered crystal
laser

Nd:CNGG [7] Nd:CLNGG [10] Nd:CTGG Nd:GGG [12]

Pulse duration 5 ps 2 ps 4.3 ps 17.5 ps

Pulse spectrum 2 spectral lines 1 spectral line 3 spectral lines 1 spectral line

(0.5 nm width each) (1.2 nm width) (max. 0.6 nm width) (0.26 nm width)

Average output power 90 mW 101 mW ∼107 mW 400 mW

Slope efficiency 3.5% 8.9% 3.6% –

(∼0.5 nm), its mode-locked pulses have a duration of 5 ps.
The Nd:CLNGG has a single gain line of ∼1.2 nm line
width. Its mode-locked pulses have much shorter pulse du-
ration (2 ps). The Nd:CTGG has several gain lines but
only three of them could be simultaneously mode locked.
Among the three mode-locked gain lines, the broadest one
has a bandwidth of 0.6 nm. The synchronously mode-locked
pulses of the laser have durations of 4.3 ps. To sum up, the
Nd:CLNGG is advantageous for the generation of shorter
mode-locked pulses, however, Nd:CNGG and Nd:CTGG
can be used for dual- or multiwavelength mode-locked
lasers. The three disordered crystal lasers have comparable
average output power under similar pump conditions, but the
Nd:CLNGG laser has the highest slope efficiency.

As reported before in the Nd:CNGG and Nd:CLNGG
[13, 14], at least five nonequivalent Nd3+ centers exist in
these disordered crystals. The various Nd3+ centers have
their own unique fluorescence spectra which results in the
inhomogeneous broadening and splitting of spectral lines in
the disordered crystals. The Nd:CTGG has a similar dis-
ordered structure to Nd:CNGG, thus the inhomogeneous
broadening and splitting of spectral lines should also exist
in the Nd:CTGG. At present, the specific energy level struc-
ture of Nd:CTGG has not been studied yet. Dual-wavelength
emission has been reported for the Nd:CNGG mode-locked
laser [7]. Compared with the Nd:CNGG laser, Nd:CTGG
disordered crystal laser has more emission spectral lines
which implies that the Nd:CTGG should have a different
energy level structure. The dual- and multiple-wavelength
emissions of disordered crystals could be useful for optical
beat generation, THz-wave coherent radiation, etc. [15, 16].

4 Conclusion

In conclusion, we have experimentally demonstrated a
diode-pumped passively mode-locked Nd:CTGG disordered
crystal laser. With a SESAM as a mode locker, stable CW
mode locking has been achieved. Without dispersion com-
pensation, the laser generated mode-locked pulses with
pulse durations of 5.2 ps, repetition rate of 88 MHz, and

average output power of 107 mW. After dispersion com-
pensation by using a pair of prisms in the cavity, three-
wavelength synchronously mode-locked pulses have been
generated with pulse durations of 4.3 ps. Our experimental
results have shown that the Nd:CTGG could be potentially
useful for multiple-wavelength lasers.
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