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ABSTRACT

Because of the rapid development of science and technology, people adapt very fast to
those changes and can't live without them. Demand traction brings science closer to
society and in order to meet the needs of social development and industrial life,
scientists have also carried out more in-depth research. Since the laser was first obtained
from a ruby crystal in 1960, its monochromatic, coherent, and high-brightness
characteristics have made it widely used in various fields. The use of laser crystal
materials as the core of the laser has become a research hotspot.

CasNbGasSi2014 (CNGS) crystals have stable physicochemical properties with good
thermal and spectral properties. They grow easily by means of the Czochralski method,
which provides short growth periods. In order to study the laser performance of this
crystal, recently, our group has grown a series of Nd-doped CNGS crystals. The crystal
growth, crystal structure, thermal and optical properties, and continuous-wave laser
output have been studied. These research results show the application prospects of this
laser crystal. In addition, the CNGS crystal belongs to the trigonal system, has a non-
central symmetry, and also indicates the potential application of this crystal in the field
of nonlinear optics.

With the development of high-performance InGaAs laser diodes, the research of Yb-
doped laser crystals has attracted more and more attention. The Yb-doped crystal has a
simple energy level structure without up-conversion and excited state absorption.
Compared with the Nd-doped laser crystals, it has obvious advantages. The longer
fluorescence lifetime and the wider emission spectrum makes these crystals stand out
in terms of pulsed laser performance and tunable laser output. In particular, the visible
wavelength laser output of more wavelengths can be obtained by frequency doubling
with ytterbium-doped crystals. In response to these problems, Nd:CNGS crystals and a
series of Yb:CNGS crystals were grown in this thesis. The growth process, crystal
structure, thermal and spectral properties, continuous-wave and pulsed laser operation,

and self-frequency doubling properties were studied systematically with the Nd:CNGS

Xl
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and Yb:CNGS crystals. The following are the main contents of this work:

1. The crystal growth of the Nd:CNGS and Yb:CNGS.

The Czochralski method was used to grow Nd:CNGS and Yb:CNGS crystals,
respectively. Through the previous accumulated experience in the growth of Nd:CNGS,
the optimization of the growth process was applied to obtain higher quality and larger
volume crystals. CNGS (Yb:CNGS) crystals doped with different concentrations of Yb-
ions have been grown in this work for the first time. The doping concentrations were 1
at.%, 3 at.%, and 5 at.%, respectively. The doped rare-earth ions replace the sites of Ca
ions in the CNGS structure. The radius of the Yb-ions is smaller than that of the Nd-
ions, while the calcium ion radius is smaller. The difference is even greater, being the
reason why Yb:CNGS crystals are more difficult to grow than Nd:CNGS ones. This
work describes in detail the entire process from the synthesis of polycrystalline
materials to the growth of single crystals (CNGS polycrystalline has been obtained at a
constant temperature of 1100<C). The growth fundamentals and problems encountered
during the crystal growth were analyzed. This work also describes the macroscopic
morphology of the as-grown crystals, explains the defects exhibited, and proposes to
avoid the crystal defects (crystal cracking, floccules, crystallization, etc.) of Nd:CNGS
and Yb:CNGS crystals. In particular, the influence of the atmosphere in the furnace
cavity during the growth process was analyzed. The content of N2 and Oz had a
significant influence on the color of the Yb:CNGS crystal.

2. Structure and thermal properties of the Nd:CNGS and Yb:CNGS crystals.

By analyzing the X-Ray Powder Diffraction (XRPD) pattern, it is consistent with the
data in the CNGS crystal standard card (ICSD card). The XRPD pattern was refined
using the Rietveld method and the crystal structure was analyzed. According to
Archimedes' principle, the density of Yb:CNGS crystals with different doping
concentration was measured by the hydrostatic weighing method using the grown bulk
crystals. The thermal properties of the crystal were studied. The specific heat, thermal
expansion curve, thermal diffusivity of the crystal were measured and the thermal

conductivity of the crystal was calculated. The thermal expansion curve of the crystal

Xl
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shows a linear increase with temperature and the thermal expansion anisotropy (X, v, z
direction) shows little differences. The latter indicates that the crystal should not easy
to be cracked due to thermal expansion difference under high power pumping. The
calculated thermal conductivity of the 5 at.% Yb:CNGS crystal in the z direction is 1.82
Wm?K?,

3. Optical spectroscopy of the Nd:CNGS and Yb:CNGS crystals.

The CNGS crystals are positive uniaxial crystals. The refractive indices of Nd:CNGS
crystals and Yb:CNGS crystals in the visible and near-infrared spectral ranges for
different doping concentrations were measured and fitted by the Sellmeier equation.
The fitted curve shows a good agreement with experimentally measured refractive
index values. The polarized absorption and emission spectra of the Yb:CNGS crystal
from room temperature to 6 K range were measured. The fluorescence lifetime was
measured. The polarized absorption spectrum shows that the absorption peak of the
Yb:CNGS crystal is located at 978 nm. It’s shows a very clear double-peak (located at
977 and 979 nm) structure at low temperatures. The Stark energy level of Yb-ions in
CNGS crystals was studied based on the low-temperature absorption and emission
spectra. The 2F72 and 2Fs;, energy levels of the CNGS crystals were calculated and
compared with other common Yb-doped crystals. In general, for the rare-earth ions, the
barycenter of the 25*1L; multiplet and the isolated 4f" multiplet have linear correlation.
CNGS meets this rule. The polarized absorption cross-section at room temperature was
calculated and the room temperature polarized emission cross-section (3 at.%
Yb:CNGS crystal) was calculated using the reciprocity method and the Fuchtbauer-
Ladenburg equation. The emission cross-sections obtained by the two methods are
similar but have certain deviations. The strongest peak of the emission spectrum of 3
at.% Yb:CNGS crystal is located near 1014 nm. The polarization emission cross-section
is 0.97>10"% cm? (o polarization) and 0.35%102° cm? (n polarization), respectively. The
polarization gain cross-section of the Yb:CNGS crystal was calculated.

4. The laser and self-frequency doubling properties of Nd:CNGS.

The 0.5 at.% Nd:CNGS crystal with the best laser performance was selected and the
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continuous-wave laser output at 1.06 and 1.3 um bands was achieved by Laser diode
pumpin. The laser cavity (cavity length, cavity mirrors and pump source) was optimized.
When the transmittance of the output mirror was 5%, an ouptut power of 4.05 W at
1068 nm was obtained with a 6 mm sample. The output power was increased by nearly
30% compared with previous results. At 1349 nm, a laser output of 0.59 W was
achieved which is 2.3 times higher compared with a previous result.

The CNGS crystals are trigonal, 32-point group, non-centrosimmetric, with the
possibility to provide phase matching. The self-frequency doubling laser output of
Nd:CNGS is realized by using samples cut along the phase matching angles (type I and
type II) at 1064 nm. When the absorbed pump power was 3.95 W, the maximum
continuous-wave self-frequency doubled green laser was 72.8 mW. During the
experiments, it was found that the fundamental frequency laser in the cavity was strong.
Under the same conditions, a fundamental laser (~1064 nm) output of more than 2 W
was obtained by replacing the cavity mirrors. The spectral characteristics of the
Nd:CNGS shows that the crystal has a moderate emission cross-section (values between
Nd:YAB and Nd:YCOB crystals) providing a strong laser emission. The fluorescence
lifetime is 256 microseconds, it has a strong energy storage capability and facilitates
the realization of pulsed laser with high energy and high peak power. Combining these
features, we conducted passively Q-switched self-frequency-doubled Nd:CNGS laser
experiments. At a pump power of 3W, the average output power of the pulsed green
laser is 16.2mW. The corresponding pulse width, pulse repetition frequency, single
pulse energy and peak power are: 13.7 ns, 2.25 kHz, 7.2 pJ and 0.53 kW, respectively.
Using the rate equation model, the experimental results of our passively Q-switched
self-frequency-doubled laser were modelled, agreeing well with the experimental
values.

5. The laser and self-frequency doubling properties of the Yb:CNGS crystal.

The continuous-wave laser performance of Yb:CNGS crystals with different doping
concentrations, namely 1 at.%, 3 at.% and 5 at.% was systematically studied. First,

continuous-wave laser and self-frequency doubling experiments were performed with
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5 at.% crystals. The center wavelength of the pump source was 978nm, a maximum
output power of 7.27W with a slope efficiency of 78% at 1062-1068 nm was achieved.
This results represent record parameters for ~1 um lasers based on langasite-type
crystals. At the same time, we measured the three cut (x-cut, y-cut, and z-cut) and three
different sizes (3 x 3 x 3mm3, x 4mm?, x 6mm?®) under the same experimental
conditions. The slope efficiency of 1 at.% Yb:CNGS (3 x3 x 3 mm?®) crystal is the
highest, 84%. The 3 at.% Yb:CNGS crystal has a slope efficiency of 80%, and the 3mm
and 4mm long samples provided 3.16 W and 4.55 W output power, respectively. The 5
at.% Yb:CNGS with dimensions 3 %3 x4 mm? generated the best continuous-wave
laser output. A volume Bragg grating (VBG) was used as a wavelength selective
element external to the cavity. It was used to narrow and stabilize the diode laser output
wavelength to 976 nm, the laser performance of all samples was tested. The a and ¢ cut
3 at.% Yb:CNGS (3 x 3 x4 mm?®) generated 7.29 W and 7.61W output power,
respectively.

Under the optimal conditions, passive Q-switching experiments of the Yb:CNGS
laser were performed using Cr:YAG and V:YAG crystals as saturable absorbers. With
the Cr:YAG crystal, a repetition rate of 22.5 kHz was achieved with very stable pulses
with energy/duration of 62.2 uJ / 4.4 ns. The average output power at 1015.3 nm is 1.40
W, corresponding to a Q-switching conversion efficiency of 90%. With the V:YAG
crystal, the pulse characteristics were 13.3 puJ / 11.1 ns at a repetition rate of 68.4 kHz.
The experimental data were numerically modelled and the results were in good

agreement.

Keywords: Czochralski method; CNGS crystals; Optical spectroscopy; laser and

pulsed laser; self-frequency doubling
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Fig. 2-1 the schematic of the Czochralski method crystal growth
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Fig 2-3 The schematic of the CNGS crystal growth
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Fig 2-5 The 5 at.% Yb:CNGS crystal growth in the early period
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PLRECE, AR ERE G, WHOEE B8 FARTE 460 nm BT A RiE, X
5 B A AR SR S LR A R [10] -
K 2-1 AFEIBIRIKEE YD:CNGS f A i A K AUR

Table 2-1 The growth atmosphere of different doping concentration of Yb:CNGS

A KSR Bl
1 at.%Yb:CNGS N2 + fillfE O2 Tt
3 at.%Yb:CNGS N2 + 3vol %02 R
5 at.%Yb:CNGS N2 + 1vol % 0> R

2.4 FEIEG

FIFIRFIEAEEK T Nd:CNGS A1 Yb:CNGS fifh, 4 T IRFIEM A K R
FAERK A TR T AR R W ) & 72, AR KO AR I S, IR
SAER. BREBERE ARSI B S TR ERBOR, AR, T
Ho2 ik e 2% o) MLk . D3RS @ & i R R T ot AR K T2, ik e e
JiUE (1) CNGS K&, J8/INBUR A BE, BRACHERE L, [a] I BRI B R i i A 1) 7
X, REAFERFBIKRE MR E Yh:CNGS k. iR 7 5k AR A K i ks
fiE, A3HT T ARG A A K R

<
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$F=E Nd:CNGS # Yb:CNGS SiE&E 54 R

A FE FEAFFL CasNbGasSioOwa f 7K IS5 I A 5T - CNGS éi ik =7 i
R, 32 pBE, Paoy AIAIBE(E 3-1). iZem A B 2 RN 45 o 2 ¢ R R BB
s XY ZHOUYER AR, as by c HiOSSE S AR, XA Z B a A0 BT AT
SRR A A TN, Y MR E T X M Z fhe (EF SR X-Ray By AR AT
AR, X ARG HIHEAT 4047, 18 B Rietveld 7350 77 5 BEAS 5 o 080 5 4 25
Lo, RIEIRAEME, THERARAEE, HE Nd:CNGS 1 Yb:CNGS &4 fif
T HE

alX
(100] c/Z (FEE1Z 1)

& 3-1 CNGS A3 sedh. 45 i 4 Bus
Fig 3-1 The illustration of the physics axis and crystallographic axis of CNGS crystal

3.1 iR
311 &pF

R B S KA S B, A HE KA & 7 ASRIS 2K YD:CNGS S A ) 2 %
RN E S SRR EAARATOC, R AR TR, (HIRPREK
IR SME AN, Tk BRI ARAR, RAHKE, KB H RN —
SERRRIKT, HEERAKRARFR R Fr BN S AR AR o AR ) 5 T T AR
SR HARINE &I
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Pcry = mﬂlpwat (3-1)

A pory AR BE, m N RBALE S SIS R, m 2R EHKIR R, pyar
NER IR (15, 0.999 g/em?®). SEEGIEFE A ia N iR 2 75 B A T ERAE

1) JRATRERH df A B R 8 Jl D 1R 22 s

2)  ARARELSE AR AT K i G FE Al be A BE - 8] 1€ (1B S A2 )

3) IEHIRANINJE e g AR, HARER AT 2B AT

4) BT KR 2 R P AR R

W HEAE RS B BB AR S A XRPD $icdf 15 31 1 i d% o 30+ 513 21
F AR AT L. BB R R 7 A AT UL

MZ
Ptheo = W (3'2)

K prneo N IIBIREFE, M OASIARIBE/RITIE, Z=1 At 5+
AN E, BITARANAEZ 5 40 Na=6.022x10%%/mol, ViR B AR . HEZKIE I &
1 535 i i o BT SR B 1 B A 25 R B R IX PR O VE AR B IR U A
—. EWEMRTWEE, WEBRRENT G, SIERHELR,

#3-1 AFEBAIKE Yb:CNGS dh k%L
Table 3-1 The crystals density of Yb:CNGS

M (g/mol) V (nm3)* pery(g/em?®) Pineo(g/cm®)
1at% 706.461 0.28236 4.143 4.155
3at.% 714.439 0.28230 4.159 4.22
5at.% 722.417 0.28221 4171 4.251

* AR R AR 2 XRPD Wl & HdE 3115
3.1.2 @ik X SR RATE

FIF X 5 28 (X-Ray) Fy K AT 55 5 R (XRPD) T Yb:CNGS A () 45/ 33E 4743 #t
XA R MR S8 A 3R IR T i AR R K RO R A (R T, B
T 1A I —E M R HRPI R S50, AT, i KT X-Ray )
SRR, B R BT, SRS RS SRS, @I AR AT LA
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SR ATS T . BT Bruker-AXS 27472l X-Ray By AR (E S D8
Advance), 1 58 SHE K 1.54056 A [ Cu-Ka T8 6 R AL . I & X7
SHEE A 109709 M EE K~ 0.0290.059 3 1, A5 & 5 HE v] F A b ks
TR -

Zdhleine =ni (3'3)

Aof cho S8 T TRIEE, 0 AT A, n AT S8 (E 44, 4 2 X-Ray (K.

LR ) X-Ray RT3 KT BIHIRTA f0 0 T o B0 K A J R T T TRDEE i,

M 5 T HEBIE AT ST o A0 80 8 T DB o 15 ELA0RBRAE R 1
AT LA T R 4 A 1

1.5 —————————————

021 ——CNGS

211 3 at.% Yb:CNGS |
5 at.% Yb:CNGS

—_—
o
[l

—
E 132
< 032
> { 100 122
i 110 002 310 03 513
c 210 202
001 042
® 0.54 l
9 0.
EE et

A _1J Alllu_)
0.0-QL—J@J_ A ll_lull_ ' ll.

10 20 30 4'0 50 60 70
2-Theta

] 3-2 Yb:CNGS #hf& XRPD 1754 %4
Fig 3-2 The XRPD patterns for Yb:CNGS crystal powder
i Search-Match # 4% XRPD ATHf #E#EAT 4041, 5 CNGS AnifE-R A1)
WA BV, K ERIATSIEA B —2, RE—YME, BYET = 7m AR,
3at.% Yb:CNGS ) 548 % a=b=8.0890 A, c=4.9815 A, 0. =p=90°, y=120°,
Vv=282.30 A%, 5at.% Yb:CNGS [ ft&HE %N a=b=8.0779 A c=4.9750 A, a. =B
=90°, y=120°, V=282.21 A3, 5 CNGS 4 (ICSD card #51-0178, a=h =8.0966
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A c=4.9828 A Vv=282.88 A¥ i = HIA K. MMENTEESBANNEES T LK
ML TR R ZER R

3.1.3 kg

FI Rietveld J72:%} 3 at.% Yb:CNGS &k KATH EIEAS 1. LT &N =
TR2%AE T 1) XRPD %4 LA & Rietveld #5 2 AT L. M 3-3 i Ze vl 1, %
18 )5 (KA 5 SE a0 B 2 AIAN K . AR4E Rietveld 275 3] Yb:CNGS 1A ) 45
T EI(E] 3-4), £ CasNbGasSi2Ows &itdr, HVUFARIFIBHE FA4AL, MEH A
MATIE B AIE, A1 e E )\ A AR+ 4k (Ca, Yb)O8, 7N/NMARLhL
() J\TH & NbO6, LA A A K /N AN [R] iy Y A S8 BE Az B DU T A& 467, 72 CNGS fmA
HAEMRH & R R R — B RH B A AL, B NI ER B B 1 A B A8 7

RN e

Measured |
Calculated
Resudual 1

{201)

(111)

XRD intensity (counts)

10 20 30 40 50 60
20 (degrees)

1 3-3 il 3 at.% YD:CNGS di Ay AR T8 Bedls (R #hdia4): Ryl &8s ,
2125049 Rietveld #5{2Ja 8fE, W& NEE

Fig 3-3 The XRPD data of 3 at.% Yb:CNGS crystal powder at room temperature

(with Miller’s indices): the measured (black line), the calculated results after Rietveld

refinement (red line) and the differential (blue line)
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C-site

b
T A sio,
D-site ¢

K 3-4 14 Rietveld 512 57521 Yb:CNGS fiA 414
Fig 3-4 The Yb:CNGS structure according to the data from the Rietveld refinement

FE3R 3-2 1 3-3 /1, HIH T Rietveld #1255 214 VU4 BH 25+ Wyckoff £i7 & |
JRTAAFR(X, Y, Z) R0k 7€ 1 JR 7+ 1] 2 25 (Ca-0, Si-O, Nb-O, Ga-O #l Ca-Ca). Ca**H
54 Wyckoff 78 3e, HARKN Ca-O fHE, M 2.33 3 2.82A . Nb%*. Ga*.
Si#* o 4% 1a.3f.2d 17 . Yb:CNGS i B A5 K 1) Ca-Ca F & 4.20-4.98A,
T HNZ AR RS T TR i TR BE 35 A 7 HE IR BE AR K

% 3-2 Rietveld ¥512 515 211#) 3 at.% Yb:CNGS A& 5 124 br
Table 3-2 The atomic coordinates of 3 at.% Yb:CNGS obtained after the Rietveld

refinement

Sit Wyckoff ~ Occupancy X y z

Ca 3e 0.97 0.419(2) 0 0
Yb 3e 0.03 0.492(2) 0 0

Nb la 1 0 0 0

Si 2d 1 1/3 213 0.557(5)
Ga 3f 1 0.742(1) 0 1/2
o1 2d 1 1/3 2/3 0.257(8)
02 69 1 0.495(6) 0.326(7) 0.300(9)
03 69 1 0.236(6) 0.099(5) 0.759(5)
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%% 3-3 Rietveld ¥512 5 15 21f¥) 3 at.% Yb:CNGS [¥] 5 - a] fH &5
Table 3-3 Selected interatomic distances for 3 at% Yb:CNGS obtained after Rietveld

refinement
Cation Atom Distance, A Cation Atom Distance, A
Ca 012 2.74(4) Si o1 1.49(9)
01>  2.35(5) 0153 1.53(5)
ol 2.82(4) (Si-O)av 1515
01  2.33(5) Nb 03>6 2.05(4)
(Ca-O)ay 2,563 (Nb-O)ay 2.05(4)
Ca Caxd  4.20(1) Ga 03 1.76(3)
Cax2  4.9810(1) 0252 1.98(5)
(Ca-Ca)ay 4591 (Ga-O)ay 1.826

3.2 AFMR

PEEVE T R I B B, RATREWOCE SN PR AN EESYL &
EEFA A S AR T R B AT S DO RE, AR S DR BOC AR T, ARk
AR 27 AR KRR K AT 77 25 2% e AN [1-3], UGB BN, AT 5 4%
RGN AL SR AL SIAEAER, IR ERBTH R, — LEIAR % 7 57 kA
R, ATRACH R A IR R . X LeH 2 R [ R OGBS F e . AT
TTHIHOG AR ZOR BA KRB LE A, NI AR A 1k L s B A 5 e [4-6] . 1R IS
Nd:CNGS it A iR AR o LUl s, ANFB RIKEE R SR LAy, UK,
A B ZE AR BRI R ES . A% EHTT 5 at.% Yb:CNGS fhik
IR A o

3.2.1 Wk, K

bl FA BT J5 5 ) A0 o A 5O AN i R AT B T ) AR o RO i
R, PLAGERR R = AR R R AR I, R RN, R B A2 5 4
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N, e BE R

R 2= H 3T t B H (Perkin Elmer Diamond: DSC)JHR 7 Yb:CNGS &1 )
L& 3-5). JREMTEE A 20 -300 €, JNFGEE 10 € /min, K2 AT EH
S EAERAEDINAAE] 300 € JE1HIE 15 A HERE L .

1.0

0.8

0.6 1

Specific Heat(J/g/K)

0.4

0 " 100 200 300
Temperature(C)
K 3-55 at.% Yh:CNGS @k bb #Avfh 17 FE 25 4k h 28

Fig 3-5 The specific heat of the 5 at.% Yb:CNGS

M EEFAT UGS, Yh:CNGS fiviA LU R BEIR B TF s AW AR K, HIEA R 28
IR . 53CR[7]H 554 CNGS @R MHLL A BT N, BAIRE AR 2T
Z R AR EE Y, 76 20 - 300 € R EJE M, Nd:CNGS (0.54 Jg*K*-0.84 Jg 'K
15 Yb:CNGS (0.568 Jg™K™2-0.832 Jg K1) i A i) LE A ZZ B K. d A i) EL T 22
IS IEFUMRIE OC, AEBAIKEEA F BB 10 L RGE AR,

PR e A B NG o 1 TV NP B - R i I N TR Ay e o S e
WG RS W] RS TR RN, AR R AE UM BEAR AL AT, ATLAEAE
AR R AR RIS, BAR TR BT A B AR AR AT b, SRSk kT
FRokE, X CNGS ki &, RA W NSRRI R 2L 0 M1 ass, RIVEPEE S
X FFT y FI I RS IR AR R . A B Perkin-Elmer 2 &) A2 7= 1 AN LR 5>
X (TMA , Thermal Mechanical Analyzer)#ll & 7 Yb:CNGS fA#HE x. y. z =4
J7 N E IR 5 500 € IR IK P AE (B 3-6). R ME UK R o R DL TR AR
¥
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AL 1
aTy > T) ==L (3-4)

A, LA To B MK, AL AERE T 5 TolRER K E 2, EE
Z AT=T-To. M 3-6 FHILLEH, Yb:CNGS @A EIRE 500 € X [a] it 1)
PNZIK BEE IR M IR, BIAE AR 2 3, RSN mAEEE K. =4
7RI ZE A K, & ), Al S ATE S AR I AR A AR, A
O, (R, SRR R LA ZERAK, BT H NN A
ANYIE PR AT REME, B R T S AOs T TH A R o B2 b 208 T 2 o
&, REERUARZ M R A B EFE] YDICNGS @ik Xy z =T A
K 28000 ) 5.73 <100 K, 5.92 x10° K, 5.49 x10° K., x Al y [l Ak &
ULz ISR, x Ry [ 10 22 1) 5 0 i R v = A R 2 K

_.0.0031 -
=
-
d
S
( 0.002
S
® —x
g 0.001 1 —y
g —Z
|_

0.000

0 100 200 300 400 500
Temperature(C)

&l 3-6 FZIK i 2k
Fig 3-6 The thermal expansion of the Yb:CNGS

322 AY B, RERITH

A HR UL A TR, Yo T RS 3 A E O f R A T
M. P ERBHEE A B Ik E[6], Xt CNGS SRR UA Au 1 Ass P
SRR BUR A AT E BRI 7 L ARSI AR AL A 7]
AR SR A G, IR 2S o B [ i Bt (Netzsch) A 7] LFA 447 BYFGHid . H
ZEFA AT B, R P CAT 7= A Bk T FE S AR R SR TR, R FH £ P00 25 00 5
iR AR, RIATAF A AR P HCR B
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%FF CNGS 1 Re:CNGS(Re=Nd, Yb, Er, Tm)dfifd, x Al 'y [a] ({3 B = 508
NT z R ECR B, AR SCIE 1 YD:CNGS fifA z 1) 77 % v (6>6>2mmP) ]
A BCR B A it 2 . IR B2 Y 30-300€, A s ] R 2 30€, 1
B 10 AR S AP B R Bl . B 3-7 v z VI1F) Yb:CNGS &R d #i 2R B b i 7
AL T UG H A HOR BB B SO A 2, B R R T v )
TEmv i N A BCR B N AREE, X534 Re:CNGS &k S I H SR a4 AH

A, HBARIREMAF B A TX CNGS fik g Bk e sz m A K.

Thermal diffusion coefficient (mm?/s)

Fig 3-7 The thermal diffusion coefficient of the z-cut Yb:CNGS
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Fig 3-8 The thermal conductivity of the z-cut Yb:CNGS

HFRRUAGRE, YT FGE I ERE . SR B 7E AL FERL R I
SN TR I, RS EIMESRIMEZE S —. FRE0E
WEEAT,  m IS IR R RTE PO AR G, SR uhE i A S
A, NGBS BRI RS AT R RO T B I, AR )
i AR BE BB B R TG A R A

HFRRE IRk, — o@D A 8]

K;j(T) = pA;;(TYCy(T) (3-5)

A, p NEARERE, A, (TP BARE, C,(T) N, S5 E 3-8 Fivg.
HOFRPERE TS ISR K, HEAR ML, 52 FhiE 1 H Al Re:CNGS
ar AT . YD:CNGS ghfA z J7 [ FE il =il N SR L8 1.72 WmtK,
52 BiRiE 1) Nd:CNGS(2.13 WmK ™) A1 Tm:CNGS(2.14 Wm™K™) S iA S & A1 kb
fi/l, 5 ErCNGS (1.723 WmK™Y) @i T3l . AH LU I Yb3*
FBOL K, Yh:CNGS # 3% 5 Yh:YCOB(2.1 Wm?K ™[9], Yb:KYW(3.3 Wm
IKH[10, 11] MEAK; 5 Yh:YAG SRR T2 (11 WK [12]F1 Yb:YVO4 &
PRIHTH(5.23 Wm K13, 141 ELE /N R AE 3 SR il O s 36 i #2
AR A R AR TSR, DAt s v ) A AR A ) R B

3.3 KRG

AFEF BT Yb:CNGS & i f#E i, 45 HAth Re:CNGS(Re= Nd,
Er, Tm)dd il 7. EENRERLEWT:

1 WS T AFBRIKER Yh:CNGS SRR Z R, F-FIH &k XRPD %
R EAEFEOTE T BAEIREE, WEHEEAYE. WET X HLaE
By RATHEE, HE T SRS, 5 CNGS brkR A UCES, UERAFT A KK
Yb:CNGS f A5 CNGS MIFE—#1HH .

2. MM Rietveld 77755t 3 at.% Yb:CNGS Sy KA 5 B S 1E. 51
Rietveld #5155 A FH B Wyckoff A7 8 . JR-FARER(X, Y, z)F1i%k & f) 51 T8) PR 9
Yb:CNGS gk LA 5K Ca-Ca FiB] 4.20-4.98A, FWZ MR 5 Rk EB
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KGR, 5HAh Re:CNGS(Re= Nd, Er, Tm) /A 7 Xt . Yb:CNGS ik #
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UELE R 4-1 Pror, L&) thZk 5 Sehy

MEEYE . RFEPEER, CHRBIEIEICRER 4-2 1, BOBARBRA
Sellmeier 87 FETT LAAEF] YD:CNGS Sl A4 %) A 5] 3 H I37 5 22 30048

* 4-11at.% Yb:CNGS iy %

Table 4-1 The refractive index of the 1 at.% Yb:CNGS

Wavelength No Ne
365.02 1.84409 1.96826
404.66 1.82713 1.93893
435.83 1.81752 1.92307
479.99 1.80741 1.9069
546.08 1.79705 1.89081
587.56 1.79236 1.88372
643.85 1.78744 1.87637
2.00 r r .
H no
1.95- ® ne .
no Sellmeier fitted
> ne Sellmeier fitted ]
T1.90- A
o
=
© 1.85- -
o
©
X 1.80- -
1 .75 L] L} L) )
300 400 500 600 700

Wavelength (nm)
P 4-1 YDb:CNGS 15 594 ih 2%

Fig 4-1 The Sellmeier fitting of the Yb:CNGS

% 4-2 Yh:CNGS & 1A Sellmeier 245

Table 4-2 The Sellmeier coefficient of the Yb:CNGS
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Sellmeier No Ne
A 3.1234 3.4126
B 0.0298 0.0435
C 0.0261 0.0394
D 0.0131 0.0188
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BT AN [F]145 25 U B i AR 11325 i 1 45 S s XU 2544 (977, 979 nm).
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s .
Eg ES()‘ at%
— at% n
£ 401 aatwe T
c . —1at%n
ls._G_J 20_ 1::.%0 _
0 - . . . :
900 950 1000 1050

Wavelength (nm)
Kl 4-2 iR, AFBIRIKE Yb:CNGS Sk 1 il id ot ik
Fig 4-2 The polarized transmission spectrum of different doping concentrations

Yb:CNGS at room temperature
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Fig 4-3 (a) The room temperature polarized absorption spectra of 3 at.% Yb:CNGS,
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(b) the low temperature (LT) absorption spectra, the arrows indicate the observed
transitions between the Stark sub-levels. The insert are the absorption peak around the

ZPL at 977 nm.

DN RV A b TR O A I S R L 8 A A A S G R 2 ] (Oxford
Instruments Ltd.) {1 3 15 33 2% (B 5 SUL2) MU S I S 1R 3R A H RGN T
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nm- PRI U Fr) e 2 06 4 5 (FWHM) 73 508 4.2 ()T 4.6 (o) nm. S MR e g {345
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Fig 4-4 Scheme of the stark sub-levels of the Yb®" in CNGS, Z1/Z> is the ratio of

upper and lower levels.
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Fig 4-5 Barycenter plot for various Yb*'-doped crystals
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Fig4-6 Luminescence decay curve for Yb:CNGS crystal, black curve is single-

exponential fitting result.
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Fig 4-7 (a) Luminescence spectra of a 3 at.% Yh:CNGS crystal at RT (293 K)
for light polarizations © and o, inset shows the structure of the emission band around
978 nm; (b) unpolarized emission spectra at 6-293 K, the arrows and the
corresponding notes in (b) indicate the observed transitions between the Stark sub-

levels
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Fig 4-8 The polarized emission cross-section of Yb:CNGS crystal
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Fig 4-9 The polarization gain cross-section of the Yb:CNGS

4.4 SRIEERISXHE

R 2 IREN A AR A O, AT 9 E & Jé A A = A =1
Renishaw inVia JL£E B @6 Gl & 7 A FEJUTECE Yh:CNGS & Ak i frdR
P, BOREIRBE K 514 nm. W 4-10 Ak, A(BC) D AR H S HUH L
TECE, AR D 435 9 NS S G AEUR DG AL R8T 1), B A NS ZR I G R 77
[f], C 2fr @ H YemIRTT . A a [0 c A1 5 at. % Yb:CNGS {4 (3 x3x
3mmd)llE T {E a(oo) a,a(on)a,a(nn) aand ¢ (oo) ¢ PURNLATELE T HIWIRS
S, BATIE K+ 2 e ST [12] H HRIE T B 24 CNGS Sk RIHL 2 ki
FHBL. CNGS @Ay 32 fifff, P321 7[RI, HRHE SCHR[12]7E 56 —/MF B X 1)
Hub g T, CNGS ik ) s IR S X AN AT A FOR T 5 0

I = 10A; + 13A, + 23E (4-6)
Horp, 1A + 1E BN 2, 10A BN SR TR, 124, L AhENE
R, HAR 22E P2 8iE L AMEMRE . Kl 4-10 Fr 8L R 1 15 Fh
o T B RSB AATALIE AL T 583 (A1), 623 (A1)F1 786 (A1) cm™, 4355 O-
Si-O Zihi, O-Ga-O fH4if Si-O MAFHRENH K. FAIEIEN T 988 (A1) cm™ fif
B, XN Si-O FIH4EIRSD .

47



UNIVERSITAT ROVIRA I VIRGILI
CRYSTALS GROWTH AND LASER PROPERTIES OF ND:CNGS AND YB:CNGS

Xuzhao Zhang

o
583
8

Raamn intensity (a.u.)
© © o o o =~

200 400 600 800 1000
Raman shift (cm'1)

K] 4-10 YDb:CNGS #it A ¥ i Fiz 2 i
Fig 4-10 The polarized Raman spectra of Yb:CNGS
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Fig 5-1 The experimental setup of the self-frequency-doubled (SFD) Nd:CNGS laser
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Fig 5-4 The experimental setup of the Passively Q-switched SFD Nd:CNGS laser
*® 5-1 HEhid Q AL kAL
Table 5-1 All experimental conditions of the PQS SFD laser

LD @& SA position Sample length SA To

100 pm A positon 6 mm 97%

200 pm B positon 9mm 93.7%
13 mm 85%

*@ is the core diameter
*SA means saturable absorber

*TO0 is the initial transmittance
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Fig 5-5 Passively Q-switched SFD laser output characteristics of Device A (black
square) and Device B (red circle) pumped by a fiber-coupled LD with 100 pm core

diameter. (a) average output power, (b) repetition rate, (c) pulse width, (d) peak

power.
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Fig 5-6 (a) SFD pulse shape of the Device A at an absorbed pump power of 3.01
W. Insert: the corresponding pulse train with a repetition rate of 23.34 kHz. (b) SFD
pulse shape of the Device B at an absorbed pump power of 3.01 W. Insert: the

corresponding pulse train with a repetition rate of 9.60 kHz.
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Fig 5-7 Passively Q-switched SFD laser output characteristics of Device B

pumped by a fiber-coupled LD with 200 um core diameter. (a) Average output powers
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of CW and Q-switched operations. Inset: the spectrum of the SFD laser, (b) repetition
rate and single pulse energy, (c) pulse width and peak power, (d) pulse shape and
pulse train at the highest absorbed pump power of 2.95 W. Symples are experimental

data, curves are the numerical modelling.
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Table 5-2 Material and Laser Cavity Parameters Used for the Calculations.
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Parameter Value Parameter ~ Value

AM SA

lam 13 mm Isa 0.7 mm

ni(n2) 1.80 (1.84) Nsa 1.81

N 0.5x10?° ¢cm’3 0GSA 3.5x10%8 cm?

o-se 4,0<10"%° cm? OESA 0.3x<1018 cm?

0 abs ~2x102% cm? Trec 3.5 us

T 256 us

deff 0.3#.1 pm/V

Parameter Value

Cavity

AL(42) 1064 (532) nm

Ap 808 nm

WL 5045 um

Wp 160+40 pm

L ~2%

lgeom 20 mm
1.0 a Pabs |
oot || L1111 ] Lo
L
2l LI L] oo
%O, 4 2.43W_
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W Q Hpkyh(b), A TIEMTRREATE EATHAT 17 PR3

Fig 5-8 Calculated (a) pulse trains and (b) single Q-switched pulses for the green

output of the PQS SFD Nd:CNGS laser. In (a), the pulse trains are shifted for the sake
of clarity, the time is counted from the moment of appearance of the first pulse. In (b),

the time scale for the single pulses is shifted

5.3 ARG

KERGHFT T Nd:CNGS n AR ELA kb B S Re . DLk BOBIERE R
P 0.5 at.% Nd:CNGS & EATAE 78, 7 alhn T 1 1 25(35.8<30.09, 1135(55.8<
O YA [ 1) dm A i i, 1EAT 1 B IME RERIE 7T

1. A FH RTINS Nd:CNGS & ATt #2147 Sellmeier L& 115 1 %8
YR1E 1064 nm HIAHALUCEC A, FHIEAHALUCEL T 1700 T80 & 44, 172547 7 Nd:CNGS
a2 B RS ARG RE IR RIE 70 (PR R R T b A), ARSI D) 2 3.95 W I, 1
AL i AT B b e R 2R RO H DD T2.8 MW BRSSO £
533 nm.

2. FRAEXT Nd:CNGS ff A ISR S B THT, e, FAUE S0 i)
WS, R IZ S R ST & B (T NYAB Hl Nd:YCOB f k2 [7l), e s
BRI, WHF A 256 tRAD, RERIFAERE 19, AR TSI he i e e
HER ok . I IRATATA T Nd:CNGS Sii#zhii Q A fFusotrt
e, MURBCGRIHThE Y 3W B, ki B AR H Th &y 16.2 mW, bR
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R S 45 W) & 8 .
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PAE Yb:CNGS EiFEBENS B &Nt R

RE RGN T AFEREEE LS FB 40 Yo:CNGS f ik FELL O, b
A Q TERE K B TERE . F B =H A NE, B T AFEBIIKE . A FH
P18, AR, AF LD ZIHIEAM T, Yb:CNGS Sk Sa80k I fe &AL
1, RIS R R Y (VBG) B K A BOE, KA 976 nm, FIF 3
at.% Yb:CNGS SRR s LMot DIy 7.61 W, SR )5 FH s LIt BE Y
A, 8 CriYAG F1 VIYAG @A A AT AW A, W78 T Yb:CNGS fi Al
WEhil Q BotlkRe. BJE 4T T Yb:CNGS fik i B R HsoGseit, 3815 37.1
MW ) REARER H o AR T S50 BT FH i AR 35 AR PR

6.1 ANEHEZRE Yb:CNGS RISES LT

6.1.1 FEEPOLH HEREXT EE

MAB I 4.2 TN ERTCAE H, Yh:CNGS £ % T ¥ iR I & 7E 977-
979 nm. AT o IRAME I h i KA 978 nm 1 LD 1 93 IH IR AT 5T & RS 4K
JZ Yb:CNGS g iR HELHOEIERE, SKiRd B & 6-1 fiun. LD L8488 200
um. KA TPAEHIR R 12 €. SEWIEIRIE K - Egity, MG 880-
990 nm H%iE AN 1010-1230 nm 75 B, R AE 1020-1100 nm 35S #55)
Toc = 0.5%. 1%. 5%. 10%. % A& 4 E0 S AT BESELT fb 42 ) P 38 ' i T
SLG IR P K L S T AR S A o TR AR, R TR A e B 5
IR RS20 90%, BT LA dfv P77 45— URER 1 (Rt i HH B S R e ) IR
), BATI TR R SR BRI Pans( NS I INEE Pine Yt A 5 )35 S
ST, [R5 B8 AR B NS TP SRR R SS), R STRR[L] b (0 7 vk 45
IR T W IRTEROE SRS T ik i SR 2.
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Fig 6-1 The microchip laser setup of the Yb:CNGS, LD: laser diode, PM: pump

mirror, OC: output coupler
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%] 6-2 3 at.% Yb:CNGS # {4 a §7] 3 mm H fi ({12 S0 Hin ! (a) A0 K6
(b)
Fig 6-2 (a) The CW laser output of the 3 at.% Yb:CNGS (a-cut, 3 mm), (b) the laser

emission spectra

SRR, EEWIR T a VI 3 at.% Yh:CNGS SR (K 3 mm){EfE FHA
[F3 o %6 A HH A BN A FE SO e . W 6-2 (@), R Toc = 1% % B 3k
5 3.16 W IESEHOE, HiHiK 1054-1066 nm, FHRR 80% (AH EL T IR ISR
TINER Pabss NI, HeICHEHREEER 22% (FHXF T NSRBI Pine,  FH), #O
R BUEN Paps = 1.5 Wo 7E Toc = 5%HT, RUCEAE TN 79%. M4iH g
# Toc = 10%HF, WOLKMBIMET S, RBE TR 70%. BOtHHN o hiffk.
K 6-2 (b) M FH AN )3 3o 2 4 HH BRI 7 Pabs =5.5 W HISBOL R BHETE, B4
BB RN, BRI KREER . M Toc = 10%H, WOEHRY RN & E
RN B 1015-1019 nm A1 1040-1047 nm, X 55 565 Y 25 o -4 () 438 25 8% 1 (&
4-9) H R PRI (BT . o ST HH I 22 VR I G B T it M AT VS IR s 5 2 [R] PR AU BR 5
[P FRAE L RS (etalon effect), IX7EF-F RS Ot A8 (45 #4 SK i) H EL R L

BEJSTE Toc = 1% 1F . R T AFEIB AR, AERF Yb:CNGS &k 1
SO AR 6-3 Fin, 4 mm JE 5 at.% Yb:CNGS fbfASzIl 1 i
7.27 W HRELEHOEHH, K 1062-1068 nm, RIECR A EHE R 7 H
N 78%F1 39%, WOLKETRE AN 1.7W. 3mm & 1at.% Yh:CNGS @A ELLE0E
B AR IR R (1 = 84%), BOGRSTIME 1L.OW, BT AR IO 5515 2145 =i 1)
W DA 1.52 WL B YO* 5 4K EE IO I, YD:CNGS & A #5458 58
ST RBCERI T . SR A EHIFERI IR BT YRI5 N A i W AR 17 5]
1. Xf 5at.% Yb:CNGS ik, 4 mm F i da i Dy MR ACR EEW] 2 & T 6 mm
ISR A R . B 6-3 (b) Xt MO RS 1S, ORI o k. AR
AT SIS 25 R 5 E R 6-1 T, FEBEA SIS AR T (B 1 Pabs = 11.2 W)IRH
RIS G -
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Fig 6-3 Comparison of the laser performance of a-cut Yb:CNGS crystals with various

Yb® doping levels (a) and the laser emission spectra measured at maximum Paps (b)

% 6-1 Yb:CNGS gaffE 2ottt @ ), Toc = 1%)
Table 6-1 Output Parameters of CW Yb:CNGS Lasers (a-cut, Toc = 1%)

Yb** doping t,mm  Abs,% Pou, W AL, nm %  nopt, %
1lat.% 3 20 1.52 1042-1050 84 11
3 at.% 3 41 3.16 1054-1066 80 22

4 46 4.55 1058-1066 81 29
5at.% 4 60 1.27 1062-1068 78 39
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6 68 4.05 1063-1068 63 32

6.1.2 ELFOLLBMMNE I

LD % th S i) O g K 23 BB P TR AR A TTEEAS 3 2 et e Xt 2 9l O P VIR
AT T 2 M SR IO PR RE . R R ARAT R RS UM (VBG) B I K IR WO A
(BWT Beijing LTD), #f5 T a [@ Al ¢ [A] 3 at.% Yb:CNGS & (K JE 4 mm, & 6-
AFESEHOEH . ZBOL R KA 976 nm(R T %E 0.7 nm), JeLFitiE, #
EHALEAEGFI K 2Zr 205 4: 105 um, 0.22, 1 mm; FEfHIhaR 27 W, %
SO A R K 6-5. SRR RIFEAAAE R, tHEAS ] a A ¢ A g iAo
R CHIBI 7073 60% A1 58% . i HiFiE1d %9 Toc = 2.5%, HELLHOLHM
HIhFR B, a [ o ) SR A2 BIAS R 7.20 W AT 7.61W. a [l iAo st A
% 59%, JEIHARME 32%, WOt KRS HIME 0.6 W. c [a] &b A% H D)8 & T a
) An AR . 2 B R R T, OB Th A K. K 6-5 (b)H ¢ [l dh ik
FEAEH Toc = 195 HHBERT, 7ES D3 T A . XM RIR a 4
K, W SAEKTT B ¢ FPIEIRRE RO R a Mg 22, RFE D 5 AT
AR TAER TR IR T RBAEREOCHH . B 6-6 ks IR TR HEL R i
BT BRGSO IS . BE A B I R iR N, OB B R AR RS
£ Toc < 10%, RS GIE H I 2 W I 502 H T 29 h 18U % L BB 1 78 1%
P HLAFHT, DA S i AR iR s B 2 TR) A AU 5 | kS R b 14 L %R (etalon effect) . 24
Toc > 10%H, ZHHEIER KA 1016 nm U, XF3E 2561t g > 0.1 B &g
fr 8 o AF AR S, a D) s A SEIL T K AE 1015-1065 nm i A FIOG
o MIE 6-5 HATLAE H, 5 HHE AT AR HE S 1B AR (Ap/A~0.92)FH LL, 55
56 O HH IR ARSI (0.59) 31X 5 A i A St IO R DT T (A A2 wp
= 52 pm) AR IR G A B A K

~a-cut

6-4 SZIGH HFH 4 mm )£ 3 at.% Yb:CNGS fSifAk
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K 6-5 852 LD WK 976 nm, 3 at.% Yb:CNGS /7 i) 74 22 e

Fig 6-4 The 4 mm thick 3 at.% Yb:CNGS samples
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Fig 6-5 The CW 3 at.% Yb:CNGS microchip lasers by a VBG-stabilized diode laser at

976 nm
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Fig 6-6 The emission spectra for the CW 3 at.% Yb:CNGS microchip laser

AT UEAIRATER S, BAMERH 75— InGaAs iR HOLE, T4&N 200
um, HEFLAE 0.22, KHKEEAE HRAFRLE 977-981 nm JEHE N, % LD
i) wp =100 um, FFIKE 2Zr =1.8 mm, HABSZIG &M . T2 & ik
KOER, ARG RUR A, a R IR IRy 22-43%, ¢ [ i
P RS 22 AR A TG T 25-41%. SEERES RANAER 6-2 1, 5T VBG Bl kK
LD & ST TR b e A a 1 FE L TE i H BRI I %60 Toc = 2.5%H 75 815 K
it Th R 3.28 W, #1053 nm, RHRE 77%, JeHEIE 23%. BT
FEMEPE EARAE R, WO A o 1.36 W ¢ [ dfs (A 1A HH A8 d e Ok
83%. 1L 6-3 HEATHE LA - SE0 45 K5 STk A [\ YD 45 2% f i 1) LD 227 1
um K BCESREO G R e, AT, BE T Yh:CNGS SRR RS = D)
RO .
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% 6-2 3 at.% Yb:CNGS # 1Az S0 i
Table 6-2 The output characteristics of the CW 3 at.% Yb:CNGS microchip lasers

977-981nm Wy = 100 pm

976 nm (VBG) wp=52 pm

a-cut c-cut a-cut c-cut
Abs, % 22-43 25-41 60 58
P, W 1.36 1.80 0.60 0.55
Pout, W 3.28 3.13 7.29 7.61
JL, nm 1053 1051 1048-1065 1048-1060
7 % 77 83 59 59
Toot, % 23 23 32 33

*Abs: total pump absorption, Pew: laser threshold, Poyt: maximum output power,

AL laser wavelength, #: slope efficiency vs. Pabs, 70pt: Optical-to-optical

efficiency vs. Pinc

** Toc = 2.5%.

% 6-3 A Yb¥ B4 AR LD 23 1 um 3 BOE SO H
Table 6-3 Output characteristics of some CW diode-pumped Yb®*-doped lasers

(*this work)

Family Crystal Yb Cut Pout, 1,% AL, nm Ref.
doping W
Borates YCOB 15at.% z-cut 8.35 70 ~1040 [2]

15at.% y-cut

GdCOB 10at.%  z-cut

SraLax(BOs)s  5at.%  a-cut

Phosphates LuPOg4 10at.% a-cut
YPOg4 Sat.%  a-cut

Vanadates LuVOa 1.5at.% a-cut

835 70 103945  [3]
182 70 1032  [4]
82 33 ~1040  [5]
161 75 1039  [6]
362 39 101424  [7]

83 80 1031  [8]
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Tungstates  KLuU(WOs): 3at.% Ngcut 4.4 65 1049 [9]
MgWO,  125at% x-cut 252 53  ~1060  [10]
Silicates CNGS 3at.% c-cut 7.61 59  1048-60 *
GYSO Sat.%  a-cut ~1 18 1060/80  [11]
Aluminates  CaAlGdO4 8at.% a-cut 7.79 84  1057-65 [12]
CaAlYOqy 3at.% a-cut 5.06 91 1048-56 [13]

Garnets Y3Sc2Gazs012  Sat.% - 7.9 60 1038-41 [14]

ESHOERIG T, Yh:CNGS F ik B = 1 ((~480 nm). X2 T
P75 TR 3R : YD:CNGS f Rt Yh¥* 55 Tm®* (YhoOs 7t A7 TmP* 4 J5T)
6] ) BE B ¥4 % I % ¥ (energy transfer, ET), Yb3*-Yb® & 1 % i) & 1F b %
(cooperative upconversion, CU) 5| d2 i) b3 52 e (AR ST FE e B & ). MK 6-
2 ()M 6-5 AXEFR H, A GE N R AgEn, BothmibtkeeR %z, XEER
N ERAR T CARFE L LB YO¥ e B O AR R Re B S . YD
FEHE=RER ARG, BEA BB RGN, SR () M DR AMER e N AR
B HER 2 P B b B R AN AR R S AR . SR P B L B I AR A
Yb:CNGS & (1) 0 b3 378 He 1 ot

Zen R EHE YOI -Tm3 R R, YO WS 214w K e B AL 156 45 Tm3* = AR
R R S R A S R . FRATUER XIS AU, KIIEEL)
480 nm, 5 Tm¥ RegUfT. FRERMBHE FRABOLHE . =4k iR, &
P ehric B AR A A BN 7

6.2 Yb:CNGS @Er#EhE Q 18R

ARATH LIS %5 6.1.2 N EEAAF(976 nm VBG WK B E LR, OF
105 pum), X AIFEFLEUEPR I oA 1 Al A AT IS A (B 6-7) . SRBe L fs T P Al
AR ISR, 5 CréYAG F VBRI YAG, 622l H¥4E4A 1020-1040
nm HE . AN ¢ 17 3 at.% Yb:CNGS, K% 4 mm. N5 Q
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TEFE AR AT A RIS R TR IE P Toc = 30% (@1020-1200 nm) (1% Hi4 «

AP S A A e, — RIS A A A R IER L, b T R
S B F T e TR AR B ZE I . TR, RS K S T S AR AT
AR AA PRI B 22 T o 3k b B 5 AL T F T4 4 i A AR N ], ) T 4 e A 30
A Q ML AU BRI RREIN H) o [R5 B8 A HH B ZRHDG IR SO (i), A
St AR YIRS A 58% » S A AT FH 0 AT A AN AL K% B A T BT UG 5 it 2 N 3 6-
4 fitn. & 6-8 AT HAIR ISR 1 /MBS i, 1] b i Sk 4R A SO A0
RAGFWEAE. @i 2 GHz B/~ #%(Tektronix DPO5204B)F1HLiE InGaAs Yt
HL 1% % (Alphalas, %5 UPD-5N-IR2-P)ic ki Q fikid. FGi%{X (APE GmbH,
WaveScan)il &0t & 51 6 i .

Yb:CNGS
4.0mm

Al-holder

=30mm Cu-holder
12°C

&1 6-7 Yb:CNGS A w51 Q Hotas, SA A Gd 5 i w] i AR i f4
Fig 6-7 The scheme of passively Q-switched Yb:CNGS laser, SA is the saturable

absorber (Cr*:YAG or V3*:YAG, AR-coated)
7 6-4 Jit AT AN SO iR 4R 7 i

Table 6-4 The initial transmission of the saturable absorber (SA)

SA Tsa tsa, mm

Cr:YAG 95% 1.45
90% 1.55

V3 YAG 90% 0.83

*Tsa is the initial transmission of the SA

tsa is SA thickness
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Fig 6-8 Internal small-signal transmission, Tsa, of (8) Cr**:YAG and (b) V3*:YAG
SAs. Arrows indicate the pump and laser wavelengths
HARNE T EZETREN Q AIHRELSBOHT . Kt ThEN
176 W, BOGEAZ WK, KA 1015-1017 nm, REEEE 16%, S6ui
M 7.5%, WOLKSBIEIIFR 2.5 WORIBCRHLIR). 11k 6-9 for, fERIE
THIhZ 13.6 W i il RO ) S IZ VSN . 72 Al %A AN
N R ARSI OIS AR 2 T DR A E i Q okt . A
R Tsa = 95%H Cri:YAG I, 1537 & FHHHIIE 151 W, BK
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1015.8 nm, RIRE 15%, HANH Q MOLHER RN nov = 97% (Hi3N1H Q “T-1Y
INRNESHAINE) . 24 Tsa=90%F, PR A 1.40W, K 1015.3nm, 7}
B 15%, FEARE noony = 90%. “PI T ZR I FEAK 32 22 B T )5 & (Tsa = 90%) 1]
JENTIFESE . V3 YAG [ Q PEREER KT Crit:YAG, P th Th# 0 1.19 W,
P 10151 nm, REREK 12%, FHBEE feony = 76%. =y IS Q BHOLHL HRK
T ncon 5T A5 T B0 AR s 45 AR R AR AL A DR R . 4R ISR I Th
N 12.3W I, ELAREEh A Q B L il 6-10 Fivn. SESEOLHIH 2
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Fig 6-9 Input-output dependences for CW and PQS Yb:CNGS lasers using Cr*":YAG

and V3*:YAG SAs
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Fig 6-10 Typical laser emission spectra for CW and PQS Yb:CNGS microchip lasers

using Cr**:YAG and V3":YAG SAs measured at Paps = 12.3 W; the spectrum of the

VBG-stabilized InGaAs laser diode is shown for comparison

Kl 6-11 BN Q Wt o A ki 58 B A AN E M (pulse repetition
frequency, PRF) ELFEII S . KT AE f Eouwt = Pou/PRF FATEAE IHH Ppeak = Eouldr
W THEAFH . CriYAG 1 CrvBS 71 3T2 BB T A Trec = 3-5 pis [14, 15], B4k
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Cri*:YAG Mgl RIS ik, 6f T2 iAok, 1 — Mg Q TEREMIR
HE[16]:

X= Amodex[O'GSA - O'ESA]/[O'LSE + O'Labs] >>1 (6'1)

T Amode A2 Y 75 /1 i AN T A AN WACAA P ORI EE, 7E-F-P I R B0 85 (5
BN 290 1[14].Cr*:YAG 2k 2 W i T (ground-state absorption cross-section,
GSA) ocsa = 4.5x1018 cm? 5 Uk 25 W THI (excited-state absorption, ESA) [ 41l
FEHN v = oesaocsa ~ 0.2[14]. T VB YAG &K, oesa = 2.5<108 cm?, y =
oesaiocsa ~ 0.2[17].  a“se Fl oabs 73 ) 98 28 /1 I AE WO I SRR AL 1) S A T
AR o 25 X >> 1 Bkl e B AT BK 58 32 Z DG S22 055« % YD:CNGS
ARARMEH] Cri*:YAG #3hif Q Sk, X {HZ17 350, ] 6-11 (a, b) i, R %
THIDAHIHE N, BBk BE B AT DK 58 S AR RRAE — 1B EAH, AEMSCERIF T Pabs =
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Fig 6-11 Microchip Yb:CNGS laser PQS by Cr*:YAG and V3*:YAG SAs: (a) pulse

duration (FWHM), (b) pulse energy, (c) pulse repetition frequency (PRF), (d) peak

power. Tsa — initial transmission of the SA. Horizontal lines in (a,b,d) for Cr**:YAG

SA — average values of the pulse characteristics, lines in (c) — linear fit of the PRF vs.

Pans dependence

$TF VEUYAG, tee=22ns[17]. Bk, SAART “187 R <7 m LRI
etk 1a], Fei Q RkrhRetE 5 IRIBCRIB I Pavs 2K X TP PO OGS,
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M 12.8 HnE) 17.3 pwl. BkPPEEHFE PRF M54, M 21.3 #in%) 68.4
kHz, B KIEHEDIF )y 1.56 KW.
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Fig 6-12 Oscilloscope traces of the shortest Q-switched pulses achieved from
Yb:CNGS microchip lasers PQS by Cr**:YAG and V3*:YAG SAs (at Paps = 12.3 W).

Tsa — initial transmission of the SA.
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4] 6-13 Yh:CNGS & Ao s Q kit 51(a) Cr'*:YAG, Tsa = 95%, Pans =
11.6 W, PRF = 41 kHz, M AEIEERE 2 ms, (b)V3:YAG, Tsa = 90%, Pass = 10.2 W, 56
kHz, G NIEIESE 1 ms
Fig 6-13 Oscilloscope traces of the pulse trains achieved from Yb:CNGS lasers PQS
by (a) Cr**:YAG SA (Tsa = 95%, at Paps = 11.6 W) and (b)V3*:YAG SA (Tsa = 90%,
at Paps = 10.2 W). The PRF is 41 kHz (a) or 56 kHz (b). The total time span is 2 ms (a)
or 1 ms (b)

% 6-5 Yh:CNGS &5 Q otk th
Table 6-5 Output characteristics of the PQS Yb:CNGS lasers

SA Tsa, Pout, y, Eou, Az, PRF, Ppeak, Hconv,
% w % (81 ns kHz kHz %

Cr*:YAG 95 151 15 338 6.4 44.6 53 97
90 1.40 15 62.2 44 225 14.0 90

V3 YAG 90 1.19 12 17.3 111 68.4 1.56 76

*Tsa — initial transmission of the SA, Poyt — average output power, n — slope efficiency,
Eout —pulse energy, Az — pulse duration, PRF — pulse repetition frequency, Ppeak — peak

power, 7conv — cONversion efficiency with respect to the CW mode.

6.3 Yb:CNGS @RI B E5ae 1t gk

FIH Yb:CNGS i T 1 AHAZUCEC /7 M3 = 3 =< 4 mm3)IFEd, AT B
OGRS, B RSBmO . Bl 6-14 NBOGSRI R BEoREEl, K
FP M S5 . A DCE S LD VR 9Z8IE, RETBACH 0o 976 nm. JG4f
N 200 um, AT RERGE N 47 mm. BNBEPM)ATE, 954 976 nm

(R <0.5%)34:i%E 1 1064nm(R> 99.8 %)= S JIbE - it 8% 9545 1064 nm &1 i (HR>
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Fig 6-14 The experimental setup of the self-frequency-doubled (SFD) Yb:CNGS laser
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Fig 6-15 The laser output of the SFD Yb:CNGS laser (a), and the typical laser

emission spectra measured at Pass = 4.9 W (b)
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Fig 6-16 Wavelength versus absorbed pump power for type-1 Yb:CNGS

crystal under the water-cooled copper block at 10 C
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33%, WOLKHBIME 0.55 W, MAARRHHE, a VISl 7 rE 1015-
1065 nm i [l A B HOG R

8. W5 T Yb:CNGS @b 2h i Q Motk gE, iV N 976 nm VBG &K
BiE AREWOLE, ERETV P IEIRE A A TR AR A CrttYAG
V3 YAG, #irHi%: Toc = 30%. TEMRISZRIHINZR Paps = 12.3 W I, Cr**:YAG i Q
Lk b RE BT IBK 55 40 )4 33.8 |0 / 6.4 ns (Tsa = 95%) F162.2 | / 4.4 ns (Tsa = 90%) .
HEIFRDHIN 5.3 kHz(Tsa = 95%)F1 14.0 kKHz(Tsa =90%). UE(H TR BEFRIH IR
AR, 435008 5.3KW AT 14.0kW. fEFH V31 YAG #hfk, 1F 68.4kHz %
EEEWHET, K15 133/ 11.1 ns Bk .

QBT T Yb:CNGS Aty F 54 PERE . FIH YD:CNGS Sk yr i, itH T
fi PRTE 1064 nm AR DEEC A BN T 25(36.0< 30.0F1 11 25(56.0509. FIAH T 38
D)1 A B B v R DR 370 mW, TR YIAERAE 12.7 mW I B 1%
NS EHH o 2V HAR B R 2 v 10€ i, T 2RAAAZULES 77 7] Yh:CNGS ik
[ A5 SO I B R SR T T 22 (K36 i A 526 nm 424k 2] 532 nm,
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EHOESE . o, 7.62W 1RSI TN %, 78%IMAIR MR 22 H AT A1k
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HIRSEIL T Nd:CNGS S A IZELE A ASBOC A 20 Q B E0L. Kb
Wi Q H A [F R BO LA B 45 R

AfE—LFREITE

Nd**45 24 AR IE 5 7E 0.9+ 1.06+ 1.3 pm AL H A 5K G116, AR CEEMHT T
Nd:CNGS FHiR7E 1.06 pm FISEOEAT MRS, HAE 0.9 AT 1.3 pum HIAHSE

Yb:CNGS @ iA7E LD I RIS R G, et 7 - R R
B, e TE BRI T PR R A Rrdt— P 5T
Ybh3+i5 2R WOt i iR B A TR R S 6, YD:CNGS 4 e PRI AT 18 185 14 e
A
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Chapter 7 Summary

7.1 Main contents and conclusion

1. The Nd:CNGS and Yb:CNGS crystals were grown by the Czochralski method. The

raw material preparation process, the parameters of the growth, the design of the
temperature field and the choice of the atmosphere were introduced. Optimizing the
growth process, high-quality Yb:CNGS crystals were obtained by selecting high-
quality CNGS seed crystals, reducing the shoulder angle, lowering the pulling speed,
and change the cooling rate. The characteristics of the crystal shape were analyzed.
This feature was related to the crystal structure and the temperature field design
during the growth process. There was no definite relationship with the rare earth ion

doping.

. The density of Yb:CNGS crystals with different doping concentrations was measured.

The unit cell parameters were calculated by the X-ray powder diffraction data. The
diffraction pattern of 3 at.% Yh:CNGS crystal powders was refined by Rietveld
method. The cation Wyckoff position, atomic coordinates (x, Y, z), and selected

interatomic distances are derived.

. The specific heat, thermal expansion and thermal diffusion coefficient of Yb:CNGS

crystals were measured and the thermal conductivity was calculated. Compared with
other Re:CNGS (Re= Nd, Er, Tm) crystals, the thermal properties are similar. The
Yb:CNGS have small thermal expansion anisotropy and moderate thermal

conductivity.

. The refractive index of the Yb:CNGS crystal was measured and fitted using the

Sellmeier equation. The polarized absorption spectrum and emission spectrum of
Yb:CNGS crystals from 6 K to room temperature (RT, 293 K) were measured. The
absorption spectrum of Yb:CNGS shows a double-peak structure around 978 nm.
The absorption cross-section of c-polarization at 977 nm is 1.25 % 10%° cm?. The

polarized emission cross-section of Yb:CNGS crystals at room temperature was
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calculated using the reciprocity method and Fuchtbauer-Ladenburg (F-L) equation.
At 1014 nm, the o- and m-polarization emission cross-sections calculated by
reciprocity method were 0.97 % 102° cm? and 0.35 % 102° cm?, respectively. The
ground- and excited-state energy levels of Yb%" in CNGS crystals were calculated
based on the low temperature absorption and emission spectrum. It is believed that
the double-peak structure of the absorption spectrum is mainly due to the low energy
gap with the ground state Stark level “0” and “1” in CNGS crystals. The Yb:CNGS
crystal has a fluorescence lifetime of 0.71 ms. The polarized Raman spectra of four
geometric configurations of Ybh:CNGS crystals were measured using confocal
Raman spectroscopy. The strongest Raman shift peaks were located at 583 (A1), 623
(A1) and 786 (A1) cm™, respectively.

. The phase-matching direction of Nd:CNGS at 1064 nm was calculated using the

refractive index data. With a 0.5 at.% Nd:CNGS crystal, the self-frequency-doubling
properties was studied and the matching direction was determained tobe: type-I
(35.8< 30.09, type-I1 (55.8< 0. With absorbed pump power of 3.95 W, the highest

continuous-wave self-frequency-doubling green laser output power is 72.8 m\W.

. The passively Q-switched self-frequency-doubled Nd:CNGS laser has been studied.

The Nd:CNGS crystal has a moderate emission cross-section (between NYAB and
Nd:YCOB crystals) that can achieve a relatively strong laser emission. The
fluorescence lifetime of 256 us has a strong energy storage capability, which is
advantageous for achieving pulsed laser output with high energy and high peak power.
When the absorbed pump power is 3 W, the average output power of the pulsed self-
frequency-doubled green laser is 16.2 mW. The corresponding pulse width, pulse
repetition frequency, single pulse energy, and peak power are 13.7 ns, 2.25 kHz, 7.2
wJ, 0.53 kW, respectively. Using the rate equation, the experimental results of
passively Q-switched self-frequency-doubled were theoretically investigated. The
results are in good agreement with the experimental results. This pulsed self-
frequency-doubling laser has potential application in laser scanning, contamination

monitoring and laser radar.
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7. With a 978 nm laser-diode, a continuous-wave (CW) laser output power of 7.27 W

with a 4 mm thick 5 at.% Yb:CNGS crystal was achieved, the corresponding laser
wavelength is 1062-1068 nm. The slope efficiency and optical-to-optical conversion
efficiency are 78% and 39%, respectively. The laser emission spectrum was
measured. Using a volume Bragg grating (VBG) stabilized laser diode, the CW laser
characteristic of 3 at.% Yb:CNGS crystal in a- and c-cut was studied. A maxmuim
output power of 7.61 W was demonstrated by a c-cut sample, the corresponding slope
efficiency and optical-to-optical conversion efficiency were 59%, 33%, respectively.
With various output mirrors, the laser wavelength of a-cut crystal is observed in the

spectral range of 1015-1065 nm.

. The passive Q-switched laser performance of Yb:CNGS crystal was studied. The

pump source was a 976 nm VBG-stabilized laser diode. The saturable absorbers (SAS)
Cr*:YAG and V3*:YAG were inserted into the compact flat resonator (microchip)
and the transmittance of the output mirror is Toc = 30%. At the absorbed pump power
of Paps = 12.3 W, the single-pulse energy and pulse duration of the Q-switched Cr**:
YAG were 33.8 uJ /6.4 ns (Tsa=95%) and 62.2 uJ / 4.4 ns (Tsa = 90%), respectively.
The repetition frequency is 5.3 kHz (Tsa = 95%) and 14.0 kHz (Tsa = 90%),
respectively. The peak power varies little with the pump power, which is 5.3 kW and
14.0 kW, respectively. With the V3*:YAG SA, a pulse laser output of 13.3 uJ / 11.1

ns was obtained at a high repetition rate of 68.4 kHz.

. The self-frequency-doubling performance of Yb:CNGS crystals was investigated.

Using the Yb:CNGS crystal refractive index, the phase-matching direction of the
crystals at 1064 nm were calculated as type-I (36.0< 30.09 and type-11 (56.0< 09).
The maximum green laser output power of 37.1 mW was achieved with the uncoated
type- | sample and type-I1 was 12.7 mW. When block the temperature of the cooling
system at 10€, the laser wavelength of type-1 crystal varies from 526 nm to 532 nm

with increasing absorbed pump power.
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7.2 Innovations

1. Large-size, high optical quality Nd:CNGS and Yb:CNGS crystals were grown by the

Czochralski method, in which the Yb:CNGS crystals were first grown.

Characterize the structure, physical properties, thermal properties and spectral
properties of Yb:CNGS crystals. The polarized absorption and emission spectra of
Yb:CNGS crystals from 6 K to room temperature were measured, as well as the
fluorescence lifetime. The spectral characteristics of the crystals were analyzed by
low-temperature spectroscopy, the polarized absorption and emission cross-sections
were calculated. The polarized Raman spectra with four geometric configurations of

Yb:CNGS crystals were measured using a confocal Raman spectrometer.

. A variety of laser operations of Yb:CNGS crystals have been realized, including

continuous-wave lasers, passively Q-switched lasers, and self-frequency-doubling
lasers. The CW laser output power of 7.62 W, the slope efficiency of 78% is the best
result obtained for the langasite-type crystals at 1 um wavelength range.

For the first time, a CW self-frequency-doubled laser and passively Q-swtichted self-
frequency-doubled Nd:CNGS laser have been realized. It’s the best result of the

passive Q-switched self-frequency-doubled laser among the similar laser.

7.3 Further work

1. Nd** doped crystals usually have strong emission peaks at 0.9, 1.06, and 1.3 um. This

thesis mainly studied the laser and self-frequency-doubling properties at 1.06 pm.

Their correlation properties at 0.9 and 1.3 um are attractive.

. Yb:CNGS crystals appears bright blue during the laser operation. The reason for this

is analyzed in this paper. The performance of this crystal in upconversion

fluorescence needs further study.

. Yb*" doped laser crystals have broad emission spectra, and the ultrafast and tunable

properties of Yb:CNGS crystals need further study.

97



UNIVERSITAT ROVIRA I VIRGILI
CRYSTALS GROWTH AND LASER PROPERTIES OF ND:CNGS AND YB:CNGS

Xuzhao Zhang

Bt

AR SRAE FIMVFLICEAR, IR 2EE S ST L 2018 5 T 5E .
Ak, MEFH MBS A2 fe MR VROGBE = RN, 72X
ST IR BIZ5 A, NIREORHR T SEHERF 6 M R GF I 2 AR AU R )
B RSP, ERITREUREIRMBITIRE S, R E RIS, ([FRIER
T RIFHIRHR I T 53 N, 1853542 B 6 R IRE e, a8 3 o) g o i)
B, ARRACE R 7RRE R R T O A E B TGS K R
SRt SCBARAE AR AR K T T R T, IR T BE5E 1 A o AR s £ P
AR R ITE]) URV K21 Xavier Mateos #3% (1135 S A3 8, J&i4 Pavel Loiko
8L, Josep Maria Serrers -, Esrom {8 L7EIX—4E 45 T R LR S AT
B fEME, EBUEE B SR RHRON B 2O 1 R !

FEH R AR NI, EERZIN, FR2I, REINE, KIm
Uil YA SR AN A R AR A R ORI 25 T A

IS L AR 4R T, AR H B R 75 RGE AL G B 2 A0 B R SCRF AT
o SR T M R AE WO S BRSBTS R B AE S A AR K T T Y
BT o JERASHAT T R B AN S L B R 1R AN OG0 o BRI /2 77 B S TLE dfv A I
TS T By, A i 7 2 T2 D' 0 & 7 T ) 35 Bl

S PIT I M 28 55 20, G AR 8%, ) P -K A 8 S 2804 48 1 9 Lo AN 38 1
IR EZ T B SCITTE TAE R AR IS s T e S A8 B

SR A PR ZH BB KOG G, BRITARITAH, sRATUM 5L, X2 RIS, 5Kk 55 Im
M, B, TR, REOMMY, FtUEL, EREE L, ERURI
o, EXEINGR, ERNIRINGA, FEREIN, BRI RE SR 5B, £
o JERA B D TS U P O J TR R i 5 R 3 B, B A SR TS e 7 e il U 2 5 TR P
.

Rl B Tk RN 0L, AER TN, R aImek, FREIMLR, ST,
HIGINAR, SIS, T2, FIRNT—&5 158 TR
RIS o AR S AR — B R AR RS 5L, BRI I, eI o,

98



UNIVERSITAT ROVIRA I VIRGILI
CRYSTALS GROWTH AND LASER PROPERTIES OF ND:CNGS AND YB:CNGS

Xuzhao Zhang

HilF, BRAEIERS:, xRS, BAHZERY:, RAGFRY:, RTINS, 25K
s, EHORIME, SR, 2FEIEMS, @S, B iR X

oy

FEH R E R LR, VR, &5R, At AR R 7RSI
RESCFFMIN o [ 8 [ 2 R AN ) 5o LK, Tt 417 =BG AR
—EEER I PTA R 5, ARt RN SR 4 1R BERI I S AN R AT AT
GRAYIP

U R, RAEFEY, HEERZ, Bk R, REES, 7530
BRFE, MR A AT 2 ) R B

UTRIZE TP 22, A RISt A 35 R .

U R AN SCERE, WA T 2 EERINFRE B, TR ET e
PSR R ATRE B 7 .

VIR R T SCRF R B i B NS e S e ORI !

K AR 5
2018 “F 4 H BT

99



UNIVERSITAT ROVIRA I VIRGILI
CRYSTALS GROWTH AND LASER PROPERTIES OF ND:CNGS AND YB:CNGS
Xuzhao Zhang

BUEE T FAHAE RIS S

2017 4, EFK¥4E, WEKFNHI A,
2016 &, IR KRB RAETE. IWRKE MBI R
2015 4F, AR KA LR A 2k 3 e 4

100



UNIVERSITAT ROVIRA I VIRGILI
CRYSTALS GROWTH AND LASER PROPERTIES OF ND:CNGS AND YB:CNGS

Xuzhao Zhang

R T F AR L ROFERLCER

FERCE A ], 56 —F& SCIIR X 6 Wt 4 ME AR, WRIER), 7
DLEAEEE KRB 6 s HIFEZORM BRI, AR SCHRUR

Xuzhao Zhang, Ying Zhou, Anatol Yasukevich, Pavel Loiko, Xavier Mateos,
Xinguang Xu, Shiyi Guo and Zhengping Wang, Diode-pumped passively Q-
switched self-frequency-doubled Nd:CNGS laser. Optics Express, 2017. 25(17),
19760-19766.

Xuzhao Zhang, Pavel Loiko, Josep Maria Serres, Xavier Mateos, Junyu Ren,
Zhengping Wang, Shiyi Guo, Xinguan Xu, Elena Vilejshikova, Uwe Griebner,
Valentin Petrov, Magdalena Aguilo, and Francesc Diaz, Highly-efficient laser
operation of a novel trigonal silicate crystal Yb**:CasNbGasSi2O14. Optical
Materials Express, 2017. 7(10), 3626-3633. (Editors’ Pick)

Xuzhao Zhang, Ying Zhou, Junyu Ren, Dazhi Lu, Haohai Yu, Zhengping Wang,
Shiyi Guo, and Xinguang Xu, Growth, thermal and laser properties of a new self-
frequency-doubling Yb:CNGS crystal. CrystEngComm, 2016. 18(28), 5338-5343.
Xuzhao Zhang, Pavel Loiko, Xavier Mateos, Josep Maria Serres, Junyu Ren,
Jiayi Guo, Rui Cheng, Cunyuan Gao, Qing Dong, Venkatesan Jambunathan,
Antonio Lucianetti, Tomas Mocek, Elena Vilejshikova, Uwe Griebner, Valentin
Petrov, Zhengping Wang, Shiyi Guo, Xinguang Xu, Magdalena Aguilo, and
Francesc Diaz, Crystal growth, low-temperature spectroscopy and multi-watt
laser operation of Yb:CasNbGasSi»O14. Journal of Luminescence, 2018, 197, 90-
97.

Junyu Ren, Xuzhao Zhang, Xiaotong Zhang, Jiayi Guo, Rui Cheng, Shiyi Guo,
Growth and enhanced electro-elastic properties of Nd3+:CNGS crystals with
ordered langasite structure. Materials Letters, 2016. 167, 122-124.

Junyu Ren, Xuzhao Zhang, Xiaotong Zhang, Rui Cheng, Jiayi Guo, Fapeng Yu,
Baibiao Huang and Shiyi Guo, Crystal growth, experimental and theoretical

studies on the electronic structure of CNGS and Nd:CNGS. CrystEngComm, 2016.

101



UNIVERSITAT ROVIRA I VIRGILI
CRYSTALS GROWTH AND LASER PROPERTIES OF ND:CNGS AND YB:CNGS

Xuzhao Zhang

18(19), 3481-3487

7. Xiaotong Zhang, Xuzhao Zhang, Shiyi Guo, Jingliang He, Kezhen Han, Fei Lou,
Baitao Zhang, Ruihua Wang, and Xunmin Liu, Growth and optical properties of
anew CGG-type laser crystal Nd**:CNGS. Optical Materials Express, 2015. 5(5),
977-985.

8. Yongguang Zhao, Yicheng Wang, Xuzhao Zhang, Xavier Mateos, Zhongben Pan,
Pavel Loiko, Wei Zhou, Xiaodong Xu, Ju Xu, Deyuan Shen, Soile Suomalainen,
Antti Harkonen, Mircea Guina, Uwe Griebner, and Valentin Petrov, 87-fs mode-
locked Tm, Ho:CaYAIO4 laser at ~2043 nm. Optics Letters, 2018, 43(4), 915-918.

9. Rui Cheng, Junyu Ren, Jiayi Guo, Xuzhao Zhang, and Shiyi Guo, Stable
dielectric, elastic, and piezoelectric properties of Yb3*":CNGS crystals at high
temperature. Materials Research Bulletin, 2018. 100, 15-17.

10. Jiayi Guo, Junyu Ren, Rui Cheng, Qing Dong, Cunyuan Gao, Xuzhao Zhang and
Shiyi Guo, Growth, structural and thermophysical properties of ToNbOjs crystals.
CrystEngComm, 2018.

LR IR

1 FIEF, fefsA, RS, FRmS, vrook, &8 sl Q |k
MEEEOL R IS 2015105220021, -5 ;

2. EIEEIEEF3 g%&#ﬂgggq’ :égittjz.’ ;}:?iiﬂﬂ%, AEF'EPj%]’ ﬂ?ﬁﬁi; 74A$41¢2§%%§E§%1j§5{k§£1§iZQj§Z
F; HiE%5: 201611218362.3, F Hh-s2HE

102



UNIVERSITAT ROVIRA I VIRGILI
CRYSTALS GROWTH AND LASER PROPERTIES OF ND:CNGS AND YB:CNGS
Xuzhao Zhang

103



UNIVERSITAT ROVIRA I VIRGILI
CRYSTALS GROWTH AND LASER PROPERTIES OF ND:CNGS AND YB:CNGS
Xuzhao Zhang

UNIVERSITAT
ROVIRA i VIRGILI






