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Abstract High efficient laser operation based on the SPSed (spark plasma sintering) Nd:Lu,0O; ceramic
was investigated in this paper. Laser performance of Nd:Lu,0, samples before and after anneal were tested
respectively, and results show that the samples after anneal have much better optical quality. When a linear cavity
was used, the annealed Nd:Lu,O; ceramic sample can output maximum power of 880 mW with a corresponding
slope efficiency of 40%. When a V-shape cavity was used, annealed Nd:Lu,O; ceramic sample can output
maximum power of 1.25 W with a corresponding slope efficiency of 38%. The laser spectral lines at 1 076.7 nm
and 1 080.8 nm oscillated simultaneously, but the thermal lensing effect limited the increase of output power of

the Nd:Lu,O, ceramic laser. Experimental results showed that the high optical quality Nd:Lu,O; ceramic can be
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fabricated by the spark plasma sintering method.

Keywords ceramcis; spark plasma sintering; laser; sesquioxides
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power for annealed Nd:Lu,0O; sample
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7

ME A%

807 nm - FAAFIH IR

E |

N S R R RO S BUR RO G BE R 2
PR RS R BC RN, FRATRH TV B sk
AEE. MILT IR ELE, V RN RS
ZACR T B B0 G B AN ZE I B R I R R
FONIREE, AR RIS A B, i
FHEOLHE . B9 ARAN V Bk
HRERE. W, M, 2l EE8 300 mm 1)
R, TRMKLRE 5, OC & ik H A
8. M, B M, FIEEE. M, | OC BIFEE 77
J& 151 mm 1 300 mm, HAWSEFEEHLERE. H
ABCD FEFERTAN, bk A RO R ST 2498
72 pm,

Kl 10 24 Nd:Lu,O, P&t i3 590
WIS £ B 10 W40, Y%A S8
FERN 1.6% I, 132 mEDIRNN 125 W,
PEI IR U TR I T 3 4.15 W, AT B e 6 i
BFN 30% RHEEN 38%. HFBFEBL RN
5% F1 9% B ARG, S5 KKt T2
L1 W, 0.67 W, XERIIRFEESS N 36%.
28%. 5 HEZ&IEH A K 880 mW iy Hi T & AH
b, V BEERSRE T 1.25 W i KEH, &&
I ThRGETE T 42%. SR, B R s R
REEHA PTG 5WBCERHIIZE 2 W LR H
TEIEAREL, M 40% FEIRE] T 38%. XA AL

Nd:Lu,0, P&

9 VEESHREREE

Fig. 9 Schematic of V-shaped laser cavity setup



6 MR, S5 SR B TR B 1 £ 11 Nd:Lu,O, M & I & 2usotiz 43
B ENE=1.6%
1.25 e FEilFE=5% Ny =38% i u
A FiRE=9% =
° ]
B
1.00
g 0.75
M A A A A a
e
e 10767
£ 0.50 4
0.25
10808
U . | i 10'70I i 1d75I i 1(580I i 1085
0 1 2 3 4 5
RIS (W)

10V Bf=rh Nd:Lu,0; FREM B I RS RIFREIIRM X R

Fig. 10 Dependence of output power on absorbed pump power for Nd:Lu,0; sample inside the V-shaped cavity

MAFEFEREH RN, BT RBE BN IEA
B, (EELZNE N RS EO R
VLRCTE LT . 1% AP FRAS [R] s B AR SO e Bt 5
R BEMRE WRAE S E H . WE 10
Ko R, XT Vv B, YRR AR,
BWotHE R RAETEEMNBMB S, HIf
MR RAEPEHMET . XF 5.5% Mf A
HE, WA REBBERH IR 3 W Bl ER
AFIEH R I R, MBS R, 1
MR AL, BE 10 /T, fMHsrEL
REKH, 2R S YRR &,
POBE BN IR, BT AR B Gt i R
Ao RV BB, fER KRR T,
WK T 3 A ) IE I e 1 it AR A B 1 g e O
W, AWK 10 RAEERFTR . RO a
ETHAEEK: — 1% 10767 nm, H—"iE&
1 080.8 nm. HH, 1 076.7 nm Yilkom & F L
1 080.8 nm Yt sREF K. XFELE 7 FIE 10 i
JeIEEE AT, RPN AT S ECE S AT B iE I &
AR, O O B RS CE BT AN, B

O B AR AL B W R . X AR AR AL ) R
DR R 1% 5 18 P9 FR) Gl A0 FEAH G o 4000 BSO3R 1 47 0
T, KiFHUREAEAR, NS 1 EOLH
Pz
3.3 HminFERBAINE

FRA T S R PR 39 R B2 70 W e S )
TFEHEAT TIIE

—InR=2KP,—2al (1)

Hrb, RN RSO F: —In R ¥ tHBiAS
GBS FHFER T P, RBUERHYIZE: a N
ALK RS | AR, K AR
A+

T ORAT e R I A, SRIR R
iR 5 MAFEREE RS 5. BeEd %
3N 0.8% 1.6%- 3.5%. 5% F1 9%, XFMf
B ZE I TR0 5 0.138 WL 0.24 WL 0.46 W,
0.67 W A1 1.22 W, ZiRuE 11 fis. HEES
FIFFE RN 0.002 40 ALK 1 mm 7] DA
SRR BRFE /NN 0.012/cm. X HL 4K R K
K YAG KPEREN 1% AR I, SPS



44 4 %

BEooOR 2017 4F

it R O E I R T

ol " —00024

-

0 02 04 10 12 14

0.6 08
T EE (W)
En FEHNESHLBSEIRNXR
Fig. 11 Dependence of pump threshold power on

transmission of output coupler

T35 2% 1) Nd:Lu,O5 FF 5 15 218G 8RR
FaElal . XA SPS ikl &0t E, s
FOWOG 1 R 3 A T AT R H AR B ) P B A
Feo FREMISIA LTI H: —2FKREES
SPS Jiik e BRI SRR B, DRk besh
Ve e dobL 2 IR SRR B TS s et i 7
R T2 AT S, B B K ) RCH X3
DSOS 1) £ R 350 ST MR AR i RS s = R X s it
ATt IR T HR RO B B i ) N Y5
34  XfEEFNIFIS

K 1 NKARSTTIER ) Nd:Lu,O, FIHTA
COR KM Nd:Lw,O, WottERE AT 7 mds. MK 1

AL, Nd:Lu,O, BOBHIE Ky 4 W, KR
RN 16.6%, MEKMIREZEN 21.4%, XF
Ry 3.52 WS FEAST, RATIRIE T
— AR Nd:Lu,O5 B0, H 40% MR
o T AEARAT—A Nd:Lu,O, 06, 4k, 5t SPS
JiiE R4 Nd:Lu,O; F& T 5, A SCIRIE 145
R RAER BRI 2 e m it D)2 05T, H A
2 RaMmA TR R . 40% FIRHRCR L DA
() SPS J7 %4 1) Nd:Lu,O, &A1 Wi 142
o EFIHIIZ T, T 2R ™ & #E
A, B IR R TG . N T PR
A DI, FERHBEGRAREAITE. BET
SPS il & B ke i R FE 2B, R Oosas s
ZX T SPS il & AR IEE GER . @
SR A IE (A RN 25 A A TR, B e R
i HH TR () Nd:Lu,O5 B2 T LUARF .

4 B 4

ASCIGAE T T SPS 74 4 /3% 1 Nd:Lu,O,
Ve 1) R OO IE e . SRR R IAE TR K S
1] Nd:Lu,0, P& & BOL M g8z i T8 kRl
MRS . M RABELER, KB TREIIEN
880 mW. I KRR N 40% Mt KH V

R 1 Nd:Lu,O, BRI RED L

Table 1 Performance summary for Nd:Lu,O; lasers

SRR il / KD i E R (W) K (nm) RECE (%) S5k
W% SPS SN 1.25 1076.7 & 1 080.8 38.0 PN
W i SPS 3N 0.88 1076.2 & 1 080.5 40.0 FN'e
W% SPS 3N 0.21 1076.7 & 1 080.8 14.0 Li %8
W% SPS 3N 0.60 1076 & 1 080 6.0 Ito 2P
W SPS [N 0.55 1076.3 & 1 080.5 6.9 Toci 2]
Wi HIP L2N 4.00 1074.7 & 1079 16.6 Toci 2]
Wi % NVS* Btk 0.01 1075.9 & 1 080 / Lu %
RS OFZ** 3N 2.81 1076 & 1 080 17.3 Hao 251"
RS / WA 3.52 1359 214 Li 218

*NVS: Nonpress Vacuum Sintering: **OFZ: Optical Floating Zone



6 34 MR, A5

JBCHL A5 B (A e 45V 1) 46 1) Nd:Lu, O, M %8 1) i A0 G 18 45

RUEES, R T HRmIIEN 125 W, BRRECE
N 38% ¥ . ThEMFE—PiemZ R T E
[RGB BRI BRI i OB e & T
%A7F 1 076.7 nm A1 1 080.8 nm Lk, A r4h
R, @i SPS 7V AT DA £ H R 2 )
Nd:Lu,O, P& FE A

B

SRR I T K S R 22 N B e AR SO AR
LR B ARG B AT 18

2 £ X

[1]  Ikesue A, Aung LA. Ceramic laser materials [J].
Nature Photonics, 2008, 2(12): 721-727.

[2] Kim W, Villalobos G, Baker C, et al. Overview
of transparent optical ceramics for high-energy
lasers at NRL [J]. Applied Optics, 2015, 54(31):
F210-F221.

[3] Sanghera J, Kim W, Villalobos G, et al. Ceramic
laser materials [J]. Materials, 2012, 5(2): 258-277.

[4] Boulon G. Fifty years of advances in solid-state
laser materials [J]. Optical Material, 2012, 34(3):
499-512.

[5] Ikesue A, Kinoshita T, Kamata K, et al. ChemInform
abstract: fabrication and optical properties of high-
performance polycrystalline Nd: YAG ceramics
for solid-state lasers [J]. Journal of the American
Ceramic Society, 1995, 78(4): 1033-1040.

[6] Lee SH, Kupp ER, Stevenson AJ, et al. Hot isostatic
pressing of transparent Nd: YAG ceramics [J].
Journal of the American Ceramic Society, 2009,
92(7): 1456-1463.

[7]  Yoshida H, Morita K, Kim BN, et al. Densification
of nanocrystalline yttria by low temperature spark
plasma sintering [J]. Journal of the American
Ceramic Society, 2008, 91(5): 1707-1710.

[8] Gao WN, Shen Y, Bo Y, et al. Optical and ESR
study of Nd: YAG transparent polycrystalline
ceramics [J]. Chinese Optics Letters, 2017, 15(5):

[10]

(11]

[12]

[13]

[14]

[16]

[17]

(18]

[19]

051601.

Uehara H, Yasuhara R, Tokita S, et al. Efficient
continuous wave and quasi-continuous wave
operation of a 2.8 um Er: Lu,O; ceramic laser [J].
Optics Express, 2017, 25(16): 18677-18684.
Griebner U, Petrov V, Petermann K, et al. Passively
mode-locked Yb: Lu,O, laser [J]. Optics Express,
2004, 12(14): 3125-3130.

Liu X, Yang K, Zhao S, et al. Growth and lasing
performance of a Tm, Y: CaF, crystal [J]. Optics
Letters, 2017, 42(13): 2567-2570.

Fornasiero L, Mix E, Peters V, et al. New oxide
crystals for solid state lasers [J]. Crystal Research
& Technology, 1999, 34(2): 255-260.

Peters V, Bolz A, Petermann K, et al. Growth of
high-melting sesquioxides by the heat exchanger
method [J]. Journal of Crystal Growth, 2002, 237-
239: 879-883.

Lu JR, Lu JH, Murai T, et al. Nd3": Y,0, ceramic
laser [J]. Japanese Journal of Applied Physics,
2001, 40(12A): L1277.

Zhou D, Shi Y, Xie JJ, et al. Fabrication and
luminescent properties of Nd’*-doped Lu,0,
transparent ceramics by pressureless sintering [J].
Journal of the American Ceramic Society, 2009,
92(10): 2182-2187.

Fornasiero L, Mix E, Peters V, et al. Efficient laser
operation of Nd: Sc,0; at 966 nm, 1082 nm, and
1486 nm [C] // Advanced Solid State Lasers, 1999:
MCe.

Walsh BM, McMahon JM, Edwards WC, et al.
Spectroscopic characterization of Nd: Y,O;:
application toward a differential absorption lidar
system for remote sensing of ozone [J]. Journal of
the Optical Society of American B, 2002, 19(12):
2893-2903.

Prasad NS, Edwards WC, Trivedi SB, et al. Recent
progress in the development of neodymium-doped
ceramic yttria [J]. IEEE Jouenal of Seectedl Topic
in Quantum Electronics, 2007, 13(3): 831-837.

Hao LZ, Wu K, Cong HJ, et al. Spectroscopy and
laser performance of Nd: Lu,O, crystal [J]. Optics
Express, 2011, 19(18): 17774-17779.



£

54

N 2017 4F

[20]

[21]

[23]

[24]

Walsh BM, Barnes NP, Hutchenson RN, et al.
Compositionally tuned 0.94-/spl mu/m lasers: a
comparative laser material study and demonstration
of 100-mJ Q-switched lasing at 0.946 and 0.9441/
spl mu/m [J]. IEEE Journal of Quantum Electronics,
2001, 37(9): 1203-1209.

Munir ZA, Anselmi-Tamburini U, Ohyanagi M.
The effect of electric field and pressure on the
synthesis and consolidation of materials: a review
of the spark plasma sintering method [J]. Journal of
Materials Science, 2006, 41(3): 763-777.

Lu J, Takaichi K, Uematsu T, et al. Promising
ceramic laser material: highly transparent Nd*':
Lu,0; ceramic [J]. Applied Physics Letters, 2002,
81(23): 4324-4326.

Li QA, Ito A, Goto T. Fabrication of transparent
lutetium oxide by spark plasma sintering [J].
Journal of the American Ceramic Society, 2011,
94(3): 695-698.

Li QA, Ito A, Zhang J, et al. Highly transparent
Nd*": Lu,0, produced by spark plasma sintering and

[25]

[26]

(27]

(28]

its laser oscillation [J]. Optical Materials Express,
2014, 4(7): 1420-1426.

Toci G, Vannini M, Ciofini M, et al. Nd’*-doped
Lu,0O; transparent sesquioxide ceramics elaborated
by the spark plasma sintering (SPS) method. Part 2:
first laser output results and comparison with Nd*'-
doped Lu,0; and Nd**-Y,0, ceramics elaborated by
a conventional method [J]. Optics Materials, 2015,
41: 12-16.

Ito A, Li QA, Goto T. Laser oscillation and
luminescence of Nd*'- and Eu’’-doped Lu,0,
transparent ceramics fabricated by spark plasma
sintering [J]. Journal of the Ceramic Society of
Japan, 2016, 124(4): 313-320.

Findlay D, Clay RA. The measurement of internal
losses in 4-level lasers [J]. Physics Letters, 1966,
20(3): 277-278.

Li JH, Liu XH, Wu JB, et al. High-power diode-
pumped Nd: Lu,O; crystal continuous-wave thin-
disk laser at 1359 nm [J]. Laser Physics Letters,
2012, 9(3): 195-198.



