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Abstract. Optical absorption, emission spectra have been Compared to the growing technique of Nd:YAG sin-
measured for polycrystalline Nd-doped;Ms0;, ceram- gle crystals, the fabrication of polycrystalline transparent
ics. Fluorescence lifetimes of 2%fus, 2376 us, 1842us  Nd:YAG ceramics does not require any special technique,
and 956 us have been obtained for@%, 1%, 2% and 4% large size (now of about 400 mm diamet&rmm sample
neodymium-doped YAG ceramics, respectively. For the firsts available) and high concentration- (%) neodymium-
time, highly efficient laser oscillation at 1064 nm has been obdoped samples can be fabricated. And also multi-layer active
tained with this kind of ceramics. Slope efficiency of 53%elements and multi-functional ceramics can be easily fabri-
has been achieved on a uncoatefishm thick 1% Nd:YAG cated together other than by the single-crystal growth method.
ceramics sample. Optical to optical conversion efficiency iSThese advantages give much more freedom in laser designs.
47.6%. Laser oscillation has also been obtained with a 2%\ttempts have been made to make the YAG ceramics become
Nd:YAG ceramics. The optical properties and laser outputranslucent by hot press [6] and a wet chemical method [7—
results have been compared with that of Nd:YAG single crysi1]. However, the absorption coefficient of the YAG ceram-
tal grown by the Czochralski method. Almost identical re-ics was larger than 7 cm. In the last decade, investigations
sults have been achieved including laser experiments resultsave been made to obtain high-quality, high-transparency Nd-
But fabrication of Nd:YAG ceramics is much easier com-doped YAG ceramics that can be used as a laser material to
pared to the single-crystal growth method. And also largeompete with Nd:YAG single crystals. In 1990, Sekita et al.
size (now of about 400 mm diametes mm is available) and developed a urea precipitation method to obtain a translucent
high-concentration= 1%) Nd:YAG ceramics can be fabri- or almost transparent YAG ceramics with background absorp-
cated. The results show that this kind of Nd:YAG ceramics idion coefficients of 2.5 to 3 crt [12]. Optical properties of

a very good alternative to Nd:YAG single crystal. the ceramics were almost identical to those of single crystals
grown by the Czochralski method. But laser oscillation could
PACS: 42.70.Hj; 42.55.Xi not be obtained because of the large background absorption.

In 1995, lkesue and Kinoshita fabricated high-transparency
Nd:YAG ceramics using powders of /D3, Y203 and NgO3

) ) with particles smaller than 2m as starting materials [13].
Nd-doped YAG single crystal fabricated by the Czochralskirhe scattering loss (009 cnt?) for this sample was low
method has been widely used as solid-state laser material [Jenough to obtain laser output for the first time. Slope effi-
3]. Although this method provides relatively large single crys-ciency of 28% was reported.

tals for different applications, it still has several disadvan- Recently, the Konoshima company developed Nd:YAG
tages. For example, an expensive Ir crucible is required fogeramics successfully with a different method [14, 15]. The
the growth of single crystal, and contamination from it isceramics formation process and sintering process have been
hard to a..V0|d. And it is also eXtremer d!ffICU|t to dopel% Opt|m|zed and high_transparency, h|gh_qua||ty Nd:YAG ce-
neodymium homogeneously as a luminescence element f@mics have been fabricated. The average diameter of grain
a YAG single crystal because the effective segregation coeffjze is about 1m. The transmittance microscope photo-
cient of elemental neodymium for the host material (the YAGgraph shows that no obvious defects exist in such samples.
single crystal) isv 0.2 [4, 5]. The growing technique for YAG ' The pore volume in this kind of ceramic is only 1 ppm level
single crystals requires great skill. which is about two orders lower than results in [16]. High
- laser efficiency that is comparable to that of Nd:YAG single
*Corresponding author. crystal has been obtained.
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1 Measurement of optical properties are both centered at 8@m, the FWHMs (full width at
half maximum) of absorption coefficient are bottd4nm.
Optical absorption and emission measurements were carri®bom-temperature absorption spectra fd@%, 2% and 4%
out using a ANDO AQ-6315A optical spectrum analyzer.Nd:YAG ceramics also have been measured. No much dif-
ANDO AQ-4303B white-light source was used for absorptionference has been observed except that the absorption coef-
measurement and a Mitsui MLD100 1-W 807-nm laser dioddicient increases with increase in neodymium concentration.
(LD) was used for fluorescence and laser experiments. THeigure 2 shows the peak absorption coefficient of Nd:YAG
ceramics samples used in these measurements¢il&rg  ceramics around 808nm versus neodymium concentration.
2mm Q6%, ¢12x 2mm 1%, ¢»12x 2.5mm 2%, 9x 22 x From this figure, one can see the relationship between peak
0.86 mm 4% Nd:YAG ceramics acquired from Konoshimaabsorption coefficient and neodymium concentration is al-
Inc. 3 x 2 mm Q9% Nd:YAG single crystal procured from most linear. For %, 1% and 2% samples, the experimental
Litton-Airtron Inc. was used for comparison. data are a little above the curve fitted line, for the 4% sam-
The room-temperature absorption spectra of 1% Nd:YAGole, the experimental datum is a little below the curve fitted
ceramics and 9% Nd:YAG single crystal are shown in line. It means the absorption coefficient decreases a little off
Fig. 1. The Fresnel reflections have been subtracted from ttibe linear curve because of the interaction between ion to ion
absorption spectrum. If the absorption coefficient is assumedecomes stronger at high concentration.
to be proportional to the neodymium concentration (it is rea- Figure 3 shows the room-temperature fluorescence spec-
sonable in Nd:YAG with neodymium concentratien1%), trum for 4F3/2 to 4I11/2 transition of 1% Nd:YAG single
the absorption coefficient of. @ single crystal should be crystal and ceramics, respectively. In order to have a clear
10% less than that of 1% ceramics. From Fig. 1, we see th@bmparison, the fluorescence spectra for single crystal and
the absorption coefficient of @6 Nd:YAG single crystal is ceramics were normalized and put together. From this fig-
about 15% less than that of 1% Nd:YAG ceramics. It meansire, these two spectra are almost identical. The main emission
the actual neodymium concentration in single crystal may be
a little less than ®% because it is hard to control the exact
concentration in single crystals in the growing process. It is— 5

one of the advantages of Nd:YAG ceramics laser material thatg
the rare-earth ions concentration can be precisely controlled.2
For single crystal and ceramics, the highest absorption peak% 40 -
S
_10 230
- o
! c
5 S20-
= o
c S
3 g 10+
&
Q X
g 3
g a 0 1 1 1 |
Xe) 0 1 2 3 4 5
g— Neodymium concentration (at%)
2 Fig.2. Peak absorption coefficient around 808 nm ceramics versus
< neodymium concentration of Nd:YAG
a 1
1.0
S0l (@)
g/ O ? O 8 r- ¥} ... (b)
+“— [7]
5 8r 5
E €06
g 6F E
© =04
S 4r g
g 5
g 2+ Z02F
Eeo]
<
O 1 | | | | OO |
770 780 790 800 810 820 830 840 850 1045 1055 1065 1075 1085
b Wavelength (nm) Wavelength (nm)

Fig.1a,b. Absorption spectrum from 770 nm to 850 n@;0.9% Nd:YAG Fig. 3a,b. Fluorescence spectrum from 1045 nm to 1085 arh% Nd:YAG
single crystalb 1% Nd:YAG ceramic ceramic,b 0.9% Nd:YAG single crystal
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peak is at 10648 nm. FWHM is 078 nm. Emission spec- 280 . -
trum for 0.6%, 2% and 4% Nd:YAG ceramics have also been_. Ceramics
measured. A little wavelength redshift has been observed wit@ 240 |- v Single crystal

increasing the concentration because of a little bit change iy

the crystal field. Figure 4a shows the main fluorescence peak 200 -
spectra near 1064 nm for8%, 1%, 2% and 4% Nd:YAG © 160 L
ceramics, respectively. The four emission peaks are centeré@
at 106415 nm, 106418 nm, 106424 nm and 10680nm for 2 51
0.6%, 1%, 2% and 4% Nd:YAG ceramics, respectively. The Q
redshift from 06% to 4% Nd:YAG ceramics is.02nm. Be- § go |

cause of the fluorescent quenching effect, the fluorescencsg
emission line width at 1064 nm is also a little broadened withu—:_’ 40
the concentration increases greater than 1%. Figure 4b shows
the FWHM of the 1064-nm fluorescence peak. The FWHMs 0 = : :
are 078 nm, 078 nm, 081 nm and (5 nm for 06%, 1%, 2% 06 091 2 4
and 4% Nd:YAG ceramics, respectively. The line widths for
0.6% and 1% Nd:YAG ceramics are identical. It means that
the fluorescent quenching effectis very weak for neodymiunﬁig. 5. FIuore_scence Iifetime_ of l\_ld:\_(AG_ceram?cs and single crysta_l ver-
g?;sctglntration less than 1%, which is similar to that of single’"® rgseé’gg’cné"fi?e‘tig’gce”trat'om'd line is the fitted curve for ceramic
Using a quasi-cw LD produced by Hamamatsu Inc.,
the fluorescence lifetime for single crystal and ceramic®5.6us have been measured, respectively, f@%0, 1%,
have been obtained through curve fitting on the fluores2% and 4% Nd:YAG ceramics. These data also agree well
cence decay curve. Figure 5 shows the fluorescence lifetimeith the results in [17]. The fluorescence lifetime decreases
of Nd:YAG ceramics and single crystal versus neodymiundramatically when neodymium concentration exceeds 1%.
concentration. The fluorescence lifetime fo6% Nd:YAG  The fluorescence lifetimes for@®% doped single crystal and
single crystal (also procured from Litton-Airtron Inc.) and ceramics are almost identical (only3ius difference). The
0.9% Nd:YAG single crystal are 258us and 24& s, re- fluorescence lifetime difference betwee®% Nd:YAG sin-
spectively, which agrees well with the earlier reports [17].gle crystal and 1% Nd:YAG ceramics is u$. We can predict
Fluorescence lifetimes of 257us, 2376 us, 1842us and  that for the same concentration of Nd:YAG single crystal and
ceramics, for example,.8% concentration, the lifetime dif-
ference should be less than 14. From the fitted curve for
ceramics fluorescence lifetime, the lifetime fo8% Nd: YAG

Neodymium concentration (at%)

1064.31 |- ceramics is 2442 us, which is only 44 us different from
1064.28 - that of Q9% Nd:YA_G single crystal. Here we assume the
€ : neodymium ions inside the grain have the same conditions as
£ 1064.25 L those of single crystal, and we propose that the fluorescence
% ' lifetime difference is caused only by the neodymium ions in
$ 1064.22 | the vicinity of grain boundarles. Then, it means whatgygr dis-
o) ' torted layers or grain boundary phase exist in the vicinity of
& 1064.19 L grain boundaries have little influence on fluorescence lifetime

= : in such ceramics samples.
1064.16 |
a ' ' : ' 2 Laser experiment
0.86

Laser experiments have been done 0698 1% and 2%
0.84 + and Nd:YAG ceramics samples without any coatings on ei-
ther of the ends. Laser experiments have not been done with
uncoated 4% Nd:YAG ceramics because of poor polishing
quality. Such high-concentration Nd:YAG ceramics was fab-
ricated for microchip lasers. Later, such 4% ceramics will be
0.80 polished and coated with HR and AR coatings at 1064 nm to
generate single-frequency oscillation. Laser output has been
078 L obtained for 06% Nd:YAG ceramics, but since the sample’s
' thickness is only 2 mm, most of the pump power has not
been absorbed by the sample and resulted in a very low slope
0.76 ' ' ' ' efficiency. This kind of low-concentration sample was fab-
0 1 2 3 4 5 ricated for high-power pump lasers, later we will test this
b Neodymium concentration (at%) kind of low-concentration samples with a high-power laser
Fig. 4. a Fluorescence redshift versus neodymium concentratigvHM  System. Here we only report the laser experiment results for
at 1064 nm versus neodymium concentration 4.8-mm-thick 1% and B-mm-thick 2% Nd:YAG ceramics.

0.82

Emission width (nm)
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A 5-mm-thick Q9% Nd:YAG single crystal procured from is much less than that of single crystal and 1% ceramics.
Litton-Airtron Inc. was used for comparison with ceramics. The main reason may be due to the quenching effect in
Though the concentrations are different for single crystahigh-concentration Nd:YAG ceramics. The fluorescence life-
(0.9%) and ceramics (1% and 2%), since the samples’ thickimes for 1% and 2% Nd:YAG ceramics are 28ids and
ness is long enough, the absorbed pump power is almost tHi84.2 s, respectively. The difference in lifetime of 83.s
same. shows that obvious quenching effect had occurred. But high-
Figure 6 shows the schematic diagram of the laser exconcentration Nd:YAG ceramics have much higher absorp-
perimental setup. A 1-W Hamamatsu 2901 LD with 5@ tion coefficients which in turn reduce the required length of
emission profiles was used as a pump source. Input mirrdaser materials. High-concentration ceramic laser materials
is a flat high-reflection mirror at 1064 nm. Output mirror is can be polished into microchips and used to efficiently gen-
a concave mirror with 250-mm radius and the reflectivity iserate single-frequency laser output which may compete with
95% at 1064 nm. When the LD outputis 1 W, about 750 mWmicrochip Nd:YVO4 single-frequency lasemhisis our next
pump power can be focused on the end of sample. The caviggep work.
length is about 20 mm. The laser results show that the quality of such kind of ce-
Figure 7 shows the laser output versus pump power foramics is good enough to be used as a highly efficient laser
0.9% Nd:YAG single crystal, 1% and 2% Nd:YAG ceram- material. If ceramic samples are coated with antireflection
ics at 1064 nm. The threshold for 1% Nd:YAG ceramicscoatings to reduce the cavity loss, more than 60% slope ef-
is 65mW which is only 15 mW higher than that of9% ficiency for 1% Nd:YAG ceramics and more than 40% slope
Nd:YAG single crystal (50 mW) and the slope efficiency is efficiency for 2% Nd:YAG ceramics are predicted. The cor-
53% which is only 15% lower than that of single crys- responding laser threshold will be much lower than those of
tal (54.5%). The optical-to-optical conversion efficienciesuncoated ceramic lasers too.
for 0.9% Nd:YAG single crystal and 1% Nd:YAG ceram- The most important thing concerned in ceramics is the
ics are 48B% and 47%%, respectively. These are the bestscattering loss caused by grain boundaries. According to the
laser results obtained from 1% Nd:YAG ceramics to datelaser experimental result for @6 Nd:YAG single crystal
For the laser result on 2% Nd:YAG ceramics, the thresholénd 1% Nd:YAG ceramics, it implies that the scattering loss
is 104 mW which is larger than that of single crystal andat 1064-nm lasing wavelength in ceramics should be simi-
1% Nd:YAG ceramics. The slope efficiency is 34% whichlar to that of single crystals. Since the grain boundary width
(only sub-nanometer level) is much smaller than the lasing
wavelength, the scattering intensity can be determined by
1 2 3 the Rayleigh equation [18]. According to the Rayleigh equa-
tion, the scattering intensity is proportionald®/1*, where
[|:| d and X are radius of the scattering body and the measur-

ing wavelength. From such relationship between scattering
intensity and scattering body size, it can be predicted that the
size of scattering center near Nd:YAG ceramics grain bound-
aries is smaller enough thanuin, so although the lasing
2, 3 Lens (f=8mm) Iigh't ina Iaser' cavity travels tens 'of thousand times through
grain boundaries, the total scattering loss caused by the grain
boundaries is still very low. The detailed mechanism between
the Nd:YAG ceramics microstructure and scattering loss will
be studied later.

1 Laser diode
4 Reflection mirror 5 Nd:YAG samples

(without AR coating)
6 Output mirror 7 Filter

8 Powermeter
Fig.6. Schematic diagram of the laser experimental setup
3 Conclusions

400 Optical absorption, emission spectra and fluorescence life-
—e— Uncoated 0.9% single crystal, n=54.5% time for Nd:YAG ceramics have been measured and com-
—o— Uncoated 1% ceramics, n=53% pared to that of single crystal. Almost identical results have

- —v— Uncoated 2% ceramics, n=34% been obtained. Optical properties have also been investigated

for different concentration Nd:YAG ceramics samples. The

same variation as that of single crystal has been observed.
Laser experiment results show that the 1% Nd:YAG ce-
ramics has almost the same laser efficiency as that of single
crystal. It means the scattering loss at the lasing wavelength
of 1.064um is similar to that of single crystal. High slope
efficiency (53%) and low threshold (65 mW) have been ob-
tained for an uncoated&mm thick 1% Nd:YAG ceramics

. which is the best laser oscillation result on ceramics laser ma-

N terials to date. Apart from having the same level laser lasing

0 100 200 300 400 500 600 700 800 efficiencies, fabrication of Nd:YAG ceramics is much easier

Pump power (mW) compared to the single-crystal growth method, and also large-
Fig.7. Laser output at 1064 nm versus pump power size and high-concentration samples can be fabricated easily.
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This kind of Nd:YAG ceramics is a very good alternative to
Nd:YAG single crystals.
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