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Abstract: The polarized absorption spectra, polarized fluorescence spectra and fluorescence
decay curve of Nd:Cag 7Lag3Mgp3Al117019 (CLrA) crystal were recorded at room temperature.
The Judd-Ofelt parameters Q,, Q4 and Q¢ were calculated to be 0.80x1072° cm?, 3.83x10720
cm? and 2.71x1072° cm?, respectively. The spontaneous transition rates, branching ratios
and the radiative lifetime were calculated for the *F;3 /2 excited state. The emission cross
section is 4.01x1072° ¢cm? at 1052nm for o-polarization and 0.96x1072° cm? at 1052 nm
for m-polarization, respectively. Continuous-wave (CW) laser operations of a-cut and c-cut
Nd:Cag 7Lap3Mgp3Al;1 7019 crystals have been demonstrated.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Nd**-doped laser crystals provide an efficient way to generate high-power and low-threshold
laser around 1 pm, which can be applied in various fields including medicine, industry, military
and scientific researches [1-3]. Compared with Yb**-doped crystals, Nd**-doped crystals have
relative narrow emission band-width, which limits the application in ultra-short pulse generation
[4]. However, Nd**-doped disordered crystals are promising in realizing ultrafast mode-locked
laser due to the inhomogeneous broadening of the emission spectra. Up to now, a great deal of
Nd3* lasers has been developed based on various host disordered crystals, such as CNGG [5],
CLNGG [6], CaYAlO4 [7], CaGdAlO4 [8], Y3SCA14012 [9], CazGaZSiO7 [10], LaMgA111019
[11], Srg7Lag3Mgo3Al;1.7019 [12], SrLaGazO7 [13], CazLay(BOs3)4 [14] and so on.
Nd3+-d0ped calcium-lanthanum-aluminate (Nd:Ca;_xLaxMgxAlj2-xO19, CLnA), which is
formed from calcium (CaAl;50;9) and lanthanide (LaMgAl;1019) hexaaluminates, has a
magnetoplumbite structure PbFe ,O19 (space group P63/mmc) where Mg?* ions substitute for
AIR* ions for charge compensation [15,16]. In CLrA crystal, Nd>* ions are occupied in two
different sites, which leads to inhomogeneous broadening of the fluorescence spectra. In 1988,
Gbehi et al. [15] reported the growth of CLrA crystal using the melting zone technique and
found that the fluorescence spectra of CLnA crystal and Nd:LaMgAl;;O19 crystal are very similar.
However, no any detailed report about the polarized spectral properties can be found in [15].
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In this paper, we studied the polarized absorption and emission spectra of CLnA crystal. Using
Judd-Ofelt theory, the spectral parameters of Nd** ions in CLnA crystal were obtained. The CW
laser operation of CLnA crystal was demonstrated by LD pumping.

2. Experiments

The CLnA crystal was grown by the Czochralski method. On the basis of spectral properties
previously performed on Nd:LaMgAl;;Oj9 [17] and Nd:Srg 7Lag3Mgo3Al117019 [18] crystals,
the Nd** concentration of 5 at.% has been selected in CLnA crystal. High purity (>99.999%)
Lay03, MgO, CaCOs, Al,O3 and Nd,O3 powders were used as raw materials. They were dried
and weighed according to the formula Cag7Lag25Ndg 0sMgo3Al11.7019. After the compounds
were ground and thoroughly mixed, they were pressed into pieces and then sintered at 1300
°C for 24 h in the air. The charge was loaded into an iridium crucible for crystal growth. A
LaMgAl;;Ojg crystal with a <100> orientation was used as the seed.

The crystal sample for spectroscopic measurements was cut from the as-grown CLnA crystal,
and the surfaces perpendicular to the <100> growth axis were polished. The Nd** ions
concentration in the sample was 1.44x1072° ions/cm® The polarized absorption spectra was
measured by a UV-VIS-NIR spectrophotometer (Model Cary-5000, Varian, USA) with a spectral
interval of 1 nm at room temperature. The fluorescence spectra with a spectral interval of 0.5 nm,
as well as the decay curve of the *F; /2 multiplet, were recorded using a FLS980 spectrometer
(Edinburgh) under 796 nm excitation. All the measurements were taken at room temperature.

Laser experimental setup of LD-pumped continuous-wave CLnA crystal lasers is shown
schematically in Fig. 1. Two laser gain media were CLnA crystals cut along a and c crystalline
axis with dopant concentration of 5% and dimensions of 3 X 3 X 6 mm?>. The pump source in our
experiment was a fiber-coupled laser diode (LD) centered around 800 nm with a core diameter of
about 200 um and a numerical aperture of 0.22. The pump light delivered from the fiber was
firstly paralleled by a convex lens with focal length of 50 mm, and then was focused into the laser
crystal with a spot radius of ~150 um by a f= 150 mm convex lens. The input mirror M1 was
coated with high reflectivity for laser wavelength and high transmission for the pump light. Three
different output couplers (OCs), with transmissions of 5%, 10% and 15% at 1053 nm, were used
in the experiments. The cavity length was about 15 mm.

OF"

Laser Diode \

Laser crystal

FI P M OC
Fig. 1. The schematic of laser experimental setup of a diode-pumped CLnA lasers.

3. Results and discussion

The polarized absorption cross section spectra of CLrA crystal in the wavelength region of
300-1000 nm were recorded at room temperature and shown in Fig. 2. Nine absorption bands
are corresponding to transitions from the ground state “Io /2 to the various excited states of Nd**
ions. Owing to the anisotropy of the crystal, the absorption spectra show strong polarization
dependence and the o -polarization absorption cross section is much larger than that of -
polarization. From the Fig. 2, we can see that the prominent absorption peaks around 583,
729, and 792 nm correspond to the transitions of 419/2—>4G5/2 +2G7/2, 419/2—>4F7/2 +483/2,
and *Iy /2—>4F5 2+ 2H, /2. respectively. The absorption cross-sections were calculated to be
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2.18x1072% cm? at 792 nm for o~ polarization and 0.40x1072° cm? at 795 nm for 7 polarization,
with full width at half maximum (FWHM) of 11.2 nm and 20.4 nm. The absorption cross section
for o= polarization is larger than the value of Lag ¢sNdg0sMgAl ;09 (1.7x1072% cm? at 795 nm
[17]) and Sr0,7La0.25Nd0,05Mg0,3A111.7019 (8.6)(10_21 sz at 792 nm [18]) The FWHMs of
CLnA crystal are larger than that of Nd:CaGdAlOy crystal (5 nm for o polarization, 4 nm for
m polarization [19]) and Nd:CaYAIlOy crystal (both 5 nm for o and & polarization [20]). The
broad bandwidth means that CLnA crystal is more suitable for diode pumping and indicates an

inhomogeneous broadening behavior, which is probably due to the disordered structure of CLnA
crystal.

300 400 500 600 700 800 900 1000

Absorption cross section (10%° cm?)

o
w
L
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300 400 500 600 700 800 900 1000

Wavelength (nm)

Fig. 2. Polarized absorption cross-sections of CLnA crystal at room temperature. (1
- 215044 Dy o411y o+ Ds p+4D3 2. 2 - 2Py, 3 - 2Ky5)0+2 D30+ Gy 2 +2Go 2, 4 -
4Gy 2 +4G7/2+7Ky3/2. 5 - 4G5 /242 Gy2. 6 - By, 7 - *F7/+%S55. 8 - Hy 5 +F5 5, 9 -
iF

3/2)-

The Judd-Ofelt theory [21,22] was applied to analyze the polarized absorption spectra, and then
the branching ratios of the transitions from the upper laser level *F; /2 and the radiative lifetime
of the level can be evaluated. The detailed calculation procedures are the same as Ref. [23,24].
The reduced matrix elements used for absorption and emission transitions can be consulted
in [23] and [25], respectively. In Table 1, average wavelength of different transition, the line
strength of experiment and calculation, and RMS deviation of Nd** ion in CLnA crystal are given.
The value of RMS deviations is 0.277x1072° cm? and 0.182x1072° ¢cm? for o-polarization and
m-polarization, which indicates a good agreement between the experimental and the calculated
spectral intensities.

Three J-O intensity parameters of different Nd** doped crystals are listed in Table 2. For
CLnA crystal, the effective JO intensity parameters were calculated by Q= (2Q,+ Q,)/3, and the
Q, 4.6 were obtained to be 0.80x1072° cm?, 3.83x1072Y cm?, and 2.71x1072° cm?, respectively.
In general, Q, is related to the chemical bonding, structural change and symmetry of the ligand
field around Nd>* ion site. The result indicates that the covalency of CLnA is larger than that of
Nd:YAG, but lower than that of Nd3* doped LaMgAl;019, Srg7Lag3Mgp3Al;17019, LuVOy,
CayGaySiO7 and Cap;Ga,Si07 crystal. Q4/Q is the spectroscopic quality factor which depends
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Table 1. The average wavelength of different transition, the line strength of experiment and
calculation, and RMS deviation of Nd3+ ion in CLnA crystal

. o -polarization mr-polarization

Excited state

B Sexp Scal _ SeXP Scal

Anm) 107 %m?%) a0 Vlem?)  A@m) 10 V%m?) (10 Pem)
215+ D1 2+ 12 +4Ds o +4D3 2 347 3.079 2.830 347 1.318 1.144
2Py 429 0.087 0.174 432 0.085 0.074
2K 5/2+°D3)2+4G1y1 /2+°Go 2 465 0.532 0.346 464 0.291 0.113
4Ggjr+4Gr2+7K 32 518 1.646 1.584 517 0.637 0.527
4Gs/2+2Gy)2 580 4.192 4.199 580 1.313 1.297
4Fo)n 675 0.194 0.199 687 0.029 0.046
4F70+483)0 740 2.961 2.671 738 0.688 0.532
2Hg 2+*Fs 2 800 2.673 3.082 797 0.669 0.836
4F3)n 869 0.970 1.291 866 0.228 0.497
RMS (10720 ¢cm?) 0.277 0.182

on the rigidity of the host matrix [29]. The spectroscopic quality Q4/Q¢ of CLnA crystal is 1.41
(more than 1), suggesting that CLrA crystal is a promising medium for efficient laser operation.

Table 2. The J-O intensity parameters of different Nd3+ doped crystals.

Crystals Q Q4 Q¢ Ref.
LaMgAl;;Oy9 1.21 3.63 2.35 [17]
Srg.7Lap3Mgp3Al117019 0.87 1.55 0.95 [18]
YAG 0.62 1.70 5.76 [26]
LuVOy4 7.18 5.99 5.78 [27]
CayGaySiOy 1.12 2.87 2.72 [28]
CLnA Qs 1.16 4.74 3.72 This work
Qn 0.06 2.01 0.67
Q 0.80 3.83 2.71
Intensity parameter Q (10720 cm?)
o-polarization m-polarization Q= (2Q,+ Q)3
Q) 1.16 0.06 0.80
Q4 4.74 2.01 3.83
Q¢ 3.72 0.67 2.71

Based on the obtained intensity parameters, the calculated radiative transition rates, branching
ratios and the radiative lifetimes of *F; /2—>419/2, 4F; /2—>4111 /25 4F; /2—>4113 /2 and 4F, /2—>4115 2
transitions of CLnA crystal are given in Table 3. We can see that the branching ratio of the
4F; /2—>419 /2 transition is larger than that of the 4F, /2—>4111 /2 transition for each polarization.
The radiative lifetime of *F3 /2 energy level was calculated to be 364 ps, which is smaller than
the value of La0,95Nd0_05MgA111019 (401 us [17]) and Sr0,7Lao,25Nd0_05Mgo,3A11 1'7019 (500 us
[18]), but much larger than the value of other oxide crystals, such as Nd:CaNb,Og (167 ps [30]),
Nd:CaYAIlOq4 (114 ps [20]), Nd:BisGe3 012 (293 ps [31]) and Nd:GANDbO4 (194 ps [32])). The
results indicate that CLnA crystal owns a higher energy storage ability.

The polarized fluorescence spectra of the CLnA crystal in the range of 850-1450 nm were
measured under 796 nm excitation. The stimulated emission cross section, which is one of the
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Table 3. Calculated radiative transition rates, branching ratios, radiative lifetimes for different
transition levels of CLnA crystal.

Transitions o-polarization m-polarization
Ay (S7H Bo (%) Ar (S7hH B (%)
B Y PP 1698.31 47.50 643.69 59.58
4P 1579.44 44.17 383.63 35.51
434130 291.67 8.16 51.98 481
4F3-s) 6.19 0.17 111 0.10
Radiative lifetime (us) 364

most important parameters affecting the potential laser performance, can be calculated from
the fluorescence spectra using the Fiichtbauere Ladenburg (F-L) formula [33], as presented in
Fig. 3. Three emission bands centered at 850-940 nm, 1040-1160 nm and 1320-1440 nm are
assigned to the transitions of *F3/,—%1y/, *F3/,—*11 2 and *F3,,—*1;3/2, respectively. The
most intense emission appears at 1052 nm and the experimental 4F, /2—>411 1/2 branching ratios
were calculated to be 50.64% for o polarization and 45.78% for & polarization. The intrinsic
uncertainty of Judd-Ofelt calculation (+20%) [34] is large enough to explain the deviation
observed between the experimental and calculated branching ratios. The calculated emission
cross section is 4.01x1072° cm? for o-polarization and 0.96x1072° cm? for 7r-polarization both
at 1052 nm, respectively, with FWHM of 7.5 and 7.3 nm. The FWHM is little larger than the
value of Nd:LaMgAl;1019 (6.6 nm for o polarization [17]). The broad bandwidth confirms
an inhomogeneous broadening behavior, which accounts for the disordered structure of CLrA
crystal. In 2000, Yang et al. [35] reported a self-mode locked Nd:LaMgAl;;O9 laser pumped
by a laser diode with the transform-limited pulses of 631 fs duration. Considering the spectral
parameters of CLnA crystal, one can estimate the tunable laser operation with tunable region of
tens of nanometers and mode-locked femtosecond laser operation from CLnA crystal.
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Fig. 3. Polarized emission cross sections of CLnA crystal excited by 795 nm at room
temperature.

Figure 4 shows the fluorescence decay curve of “F3 ;2 multiplet. The fluorescence lifetime
was calculated to be 333 pus by a single exponential fitting, which is comparable with the value
of Lag9sNdoosMgAl11019 (321 ps [17]), Sro7Lag25NdoosMgo3Al11.7019 (372 ps [18]) and
Nd:SrLaGazO7 (318 ps [36]) but much longer than that of Nd:YAG (248 ps [37]), Nd:YVO4 (87
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s [38]), Nd:CaGdAlO4 (123 ps [19]) and Nd:CaYAIO4 (129 ps [20]). According to the radiative
lifetime from J-O theory, the luminescent quantum efficiency of the “F3 /2 level was calculated to
be 91.5% by the equation of n=7/7,,q. The results show that CLrA crystal is a promising gain
medium for solid-state laser generation.

1

—— Experimental data
—— Fitting curve

Intensity (a.u.)

0.1

Time (ms)
Fig. 4. Room temperature fluorescence decay curve of the *F; /2 manifold of CLrA.

The output power characteristics with respect to absorbed pump power of a-cut CLnA laser
is shown in Fig. 5(a). The highest output power of 5.40 W was obtained with a OC of T'=5%
under the absorbed pump power of 11.51 W, corresponding to an optical-to-optical efficiency
of about 46.9% and a slope efficiency of 47.7%. The laser threshold was measured to be
107 mW of absorbed power. When the transmission of output coupler was 10% and 15%, the
maximum output power changed to 5.08 W and 4.79 W, while the corresponding slope efficiency
became 45.2% and 43.0%, respectively. The maximum output power and slope efficiency of
CLnA are larger than those of Nd:LaMgAl;;O019 (1.71 W, 40.4% [17]), but lower than those
of Nd:Srg;7Lag3Mgp3Al;17019 (6.9 W, 50% [18]). At maximum, the peak wavelength was
measured to be 1052.76 nm (see Fig. 5(b)). There was no pump saturation in our experiments,
which indicates the output power can be further scaled with high pump power.
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Fig. 5. (a) The dependence of output power on absorbed pump power of a-cut CLrA laser
and (b) The corresponding laser spectrum with peak at 1052.76 nm.

The experimental results of the c-cut CLnA crystal are shown in Fig. 6(a). Using the output
coupler with transmission of 10%, a maximum output up to 4.78 W was achieved with threshold
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of 429 mW of absorbed power, which led to a slope efficiency of about 30.5% by linear fit. Using
the output coupler with transmission of 15%, the maximum output power decreased to be 4.75 W
and the corresponding slope efficiency was linearly fitted to be about 31.2%. Using the output
coupler with transmission of 5%, the maximum output power further decreased to be 4.26 W
with a slope efficiency of about 27.1%. From the output power curves in Fig. 5(a) and Fig. 6(a),
one can find the a-cut CLnA crystal has better laser performance than the c-cut CLnA crystal.
The saturation effect at high pump power of c-cut CLnA crystal should be explained by thermal
lensing effect inside the c-cut CLrA crystal, which led to the laser operation at stability limit or
even unstable any more. Figure 6(b) shows the laser wavelength registered at maximum output
power with a peak at 1052.84 nm.
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Fig. 6. (a)The dependence of output power on absorbed pump power of c-cut CLrA laser
and (b) The corresponding laser spectrum with peak at 1052.84 nm.

4. Conclusion

In summary, the polarized absorption spectra, the polarized fluorescence spectra, and the
fluorescence decay curve of CLnA crystal were recorded at room temperature. The absorption
cross-sections are 2.18x1072° cm? at 792 nm for o polarization and 0.40x1072° cm? at 795 nm for
m polarization with FWHM of 11.2 nm and 20.4 nm. The effective Judd-Ofelt parameters Q,, Q4
and Qg were calculated to be 0.80x1072° cm?, 3.83x1072% cm? and 2.71x1072° cm?, respectively.
The spontaneous transition rates, branching ratios and the radiative lifetime were calculated for
the *F;3 /2 excited state. The emission cross section is 4.01x1072° cm? for o-polarization and
0.96x1072° cm? for m-polarization both at 1052 nm with FWHM of 7.5 and 7.3 nm, respectively.
The fluorescence lifetime is 333 us, and the luminescent quantum efficiency of the “F3 /2 level is
70.1%. Continuous-wave laser operation of the a- and c-cut samples under 800 nm laser diode
has been demonstrated. Maximum output powers of 5.40 W and 4.78 W were obtained for the
a-cut and c-cut samples, corresponding to a slope efficiency of 47.7% and 30.5%, respectively.
Improving the laser performance could be realized by optimizing the quality of CLnA crystal.
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