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MNpepcraBneH 0630p pesynbTaToB UCCeA0BaHUN
XapaKTepUCTUK BbICOKOMPO3pPayHbIX KepaMuK,
NMPUroTOBJ/IEHHbIX N3 HAHOMOPOLLUKOB,
CUMHTE3NPOBaHHbIX B 1azepHoM dakene. NMokasaHo,
YTO TaKOM NOAXO0J NO3BOSET MOBbICUTb BEJIMYUHY
nopora o6pa3soBaHus "anesibCUHOBOW KOPKKU"

B KEpPAaMUKaX C CUJIbHOPa3ynopsA04YeHHOMN
KpPUCTANINYeCKON CTPYKTYPON. DTO OTKpbiBaeT
AOpPOry K NPpUMEHEHUIO OKCUAHbIX MaTep1anos

C TaKoOW CTPYKTYpOM B Ka4YecTBe Jla3epHbIX cpes,

c 3¢ PeKTUBHOCTbIO reHepauum 6onee 50%, a Takxe
NpUBOAUT K YNPOLLEHUIO TEXHOIOTUN CUHTE3a
MarHUTOaKTUBHbIX KEPAMUK U U3FOTOB/IEHUIO
BbICOKOMNpo3payHbix YAG-o6pasLoB 6e3
MCMNOJ/Ib30BaHMS CNeKatoLWUX reTepoBasIeHTHbIX
[06aBoOK.

BBEAEHWE

BBICOROIIPO3paYyHble KEPAMHUKHU HaxXoAsaT Bce bHonee
M POKOe IIpHMeHeHHe B KadeCcTBe AKTHUBHBIX 3Jle-
MEHTOB TBEPIOTEJIbHBIX JIa3ePOB PA3JIMYHOI0 Ha3Ha-
YeHHSs, ONTHYECKON OpOHM, CUHUHTH/ISILHOHHBIX
OATYHUKOB, >Kapo- XU MeXaHOIIPOYHBIX OKOH, KOJIb
OIS MOIIHBIX JIAMII BBICOKOTO [JaBjeHMS, JIHMH3
IIHPOKOYTOIBHEIX OOBEKTHUBOB M T.HA. IIpH 3TOM

*  IIpomomkeHme. Hawamno cm. ®OTOHHKA, 2017, 7 (69), c. 52-
70. B.B.Ocumnos, B.B.IlnatoHos, B.A.llutoB, P.H.Makcu-
MOB. BpICOKOIIpO3pauHble KepaMHKH, MNPHULOTOBJIEHHBIE Ha
OCHOBe HAHOIIOPOIIKOB, CHHTE3HMPOBAHHBIX B Jla3epDHOM ¢a-
Kese. YacTh [: ocobeHHOCTH mony4eHus. - DOI: 10.22184/1993-
7296.2017.67.7.36.45.
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In this work we report on the investigation of
characteristics of highly transparent ceramics on the
basis of nanopowders synthesized in laser plume. It
is shown that this approach enables to increase the
"orange peel" formation threshold in the ceramics with
strongly disordered crystalline structure. It opens
the road to application of oxide materials with such a
structure as the gain media with oscillation efficiency
higher than 50% and also leads to simplification of the
synthesis technology of magnetoactive ceramics and to
production of highly transparent YAG samples without
the use of sintering heterovalent additives.

INTRODUCTION

Highly transparent ceramics are more commonly used
as active elements of solid-state lasers intended for
various purposes, optical armor, scintillation sensors,
heat and mechanically resistant windows, bulbs for
high-power high-pressure lamps, wide-angle lenses, etc.
In this case, the greatest difficulties occur in the laser
ceramics synthesis, which require the achievement
of density and transparency, close to the theoretical
values. To implement these requirements, synthetic
methods based on hot isostatic pressing [1], spark
plasma consolidation [2], and vacuum sintering with
heterovalent ions doping have been developed [3]. The
latter option is more attractive due to less expensive
and simple technology. However, this approach, with
a significant concentration of additives (>1 mol%), has a
significant drawback due to the release of heterovalent
ions during sintering into the regions adjacent to
the area’s intercrystalline boundaries. This causes
the appearance of an "orange peel" [4], which reduces
the transparency and distorts the radiation wave
front upon generation [5]. However, the possibilities
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HaubonplIve TPYLHOCTH HMEIT MeCTO IIPU CHH-
Te3e JIa3epPHBIX KePaMUK, TPebyomUX JOCTH KeHHUS
IUIOTHOCTH M IIPO3PAavyHOCTH, OJM3KUX K TeOpeTH-
YeCKMM 3HAuUeHHUsSIM. [IJIs peanu3aldu 3THUX Tpebo-
BaHHUN pa3paboTaHbBl METOAUKH CHHTE3a Ha OCHOBE
ropsiuero M30CTaTH4YeCKOro IpeccoBaHus [l], Hckpo-
BOM IIa3MeHHON KOHCOMMIALUHU [2] 1 BaKyyMHOIO
CIIeKaHUSI C JOIIMPOBAHHEM TIeTepOBaJeHTHBIMU
voHaMHu [3]. [ocneAHUN BapHaHT M3-3a MeHee Jopo-
TOM U HeCJIOKHOM TeXHOJIOTHHU sBisieTcs bonee mpu-
BJIeKaTelbHBIM. OfHAKO TaKOM IIOAXO[ IIPH 3HAYHU-
TeJIbHOM KOHLEHTpaUUM L0o0aBoK (>1 Mol. %) TauT
B cebe CcyIlecTBeHHBIM HEAOCTATOK, 00yC/IOBIeHHBIN
BBIXOZIOM TeTepOBAJIEHTHHIX HOHOB IIPH CIIeKAaHUU
B IIpHJIeraolire K MeXKKPHUCTA/UIMTHBIM I'PaHHUIIAM
obmacTu. ITO BBI3BIBAET MOSIBIEHHUE "arebCHHOBOM
Kopku" [4], CHUKAWOIIEH MPO3PAaYHOCTh U HCKAXKAI0-
IleH BOJIHOBOM GPOHT M3/1y4deHU s IIPU TeHepaLuH [5].
OpHaKo BO3MOKHOCTH TaKOT'O IOJX0[a IIPK CHHTe3e
OKCHUIHBIX KepaMHK MOXHO PaCHIMPHUTh, HCIIOJNb-
3ysi HAHOIIOPOILIKH, I10Jy4aeMble MeTOOM JIa3epHOH
abasuuy, Ime CHHTe3 HAHOYACTHI, IPOUCXOAUT IIPH
BBICOKOI TeMIIepaType U ObICTPOM OXJIaKAeHHUH. ITO
obecrieqrBaeT BBICOKYIO OJHOPOLHOCTb HAaHOYACTHIL
M KepaMHK Ha KX OCHOBe [6].

PaccMOTPHUM XapaKTePUCTHUKHU Psia KePaMUK pas-
JIMYHOIO Ha3HA4eHUsI, IIPUTOTOBJIEHHBIX C HCIIOb30-
BaHHeM HaHOIIOPOIIKOB, CHHTe3HPOBAHHBIX B JIa3ep-
HOM daKkese. [JaHHBIE O TEXHOJIOTUH [IPUTOTOBIEHU S
obpasLoB b6yayT IpUBefEeHBI TOJIBKO B C/lydyae HMMeEIO-
IIUXCSI OTVIMYMI OT U3JI0’KEHHBIX B pabote [6].

KEPAMWKW C PA3YMNOPAAOYEHHON
KPUCTA/IJTMYECKOW CTPYKTYPOW
Takue KepaMHUKH CO3HAIOT, 3aMeHSsI KAaTHOHBI
MaTpPULBl IIPUMECHBIMH KaTHOHAaMH. DTO BeleT
K M3MeHEeHHUIO JIOKAJIbHBIX KPUCTAIMYECKHUX II0JIeH
B IIO3ULIMSIX HOHOB-aKTHBATOPOB M, KaK CJIe/ICTBHE,
K yIIMPEHHUIO CIIeKTPAaJbHBIX JHUHUM U IIOTOCHL YCH-
JMeHusl. DTO Ba’KHO A/ YMeHbIIeHHUS JIHUTe/bHO-
CTHUu na3epr1x I/IMHYHI)COB B pe>1<1z1me CI/IHXPOHI/I‘
3allMM MOJ U YBeJIHWYEeHHUS [Halla30Ha IUIABHOM
[IepeCTPOMKH YaCTOTHL U3/IyUeHU s 1a3epa.
LlesneHanpaBleHHOe VIIMpeHHe II0JIOCH Ja3ep-
HOT'O Ilepexofia OBIJI0 peasn30BaHO B KEPAMHYECKOM
UTTPUH-LIIOMUHHUEBOM rpaHaTe [7] mpu 3ameme-
HHHY YaCTH HOHOB a/JIIOMHHHSA HOHAMHM CKaHIOHAI,
T.€. HOHOM OJMHAKOBOM BaJIEHTHOCTH. B Takou
KepaMHKe, aKTHBHUpOBaHHOM Nd3*, Ha ero omTuue-
CKHUX Ilepexofax B obmactu 1 MKM Oblja HoaydeHa
IOJIATEeNBHOCTh JIA3€PHOr0 MMIyiabca 10 Iic, a Opu
3aMeHe HeoZlMMa Ha UTTepOuil oHa Obla yMeHbIIeHa
110 96 ¢c [8].
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of this approach in the oxide ceramics synthesis can
be extended using nanopowders obtained by laser
ablation, where the nanoparticles are synthesized at
high temperature and rapid cooling. This ensures a
high homogeneity of nanoparticles and ceramics based
on them [6].

Let’s consider the characteristics of a number of
ceramics intended for various purposes, produced
using nanopowders synthesized in a laser plume. The
information about sample preparation technology will
be given only if there is a difference from the data
described in [6].

CERAMICS WITH DISORDERED CRYSTALLINE
STRUCTURE

Such ceramics are formed by replacing matrix cations
with impurity cations. This leads to a change in the
local crystalline fields in the positions of the activator
ions and, therefore, to broadening of the spectral lines
and the gain band. This is important for reducing the
duration of laser pulses in the mode-locked mode and
for increasing the range of smooth tuning of the laser
radiation frequency.

The focused broadening of the laser transition
band was implemented in ceramic yttrium-aluminum
garnet [7], when a part of aluminum ions was replaced
by scandium ions, i.e. ion of the same valence. In this
ceramic, activated by Nd3*, a laser pulse with a duration
of 10 ps was obtained on its optical transitions in the 1
pm region, and when the neodymium was changed to
ytterbium, it was reduced to 96 fs [8].

At the same time, it was found [9] that the greatest
broadening of the gain band is achieved in the ceramics
based on yttrium oxide with the introduction of
heterovalent ions. However, in [4,5] the doping with
such ions did not allow achieving the transparency
necessary for high-performance generation [10].
According to the authors, this was prevented by the
formation of an "orange peel" due to the increased
concentration of dopants near the intercrystalline
boundaries. Since this class ceramic is important for
the development of laser technology, we investigated its
creation using two approaches.

In the first case, the traditional approach [3] was
implemented, i.e. the ceramics were synthesized from
nanopowders of simple oxides Yb,0;, Nd,0;, Y,0;, HfO,
and ZrO,, mixed in the required ratio. We refer to
them as to "mixed" powders. The second approach is
original [11] and consists in the fact that the necessary
components were mixed in the preparation of a laser
target, and the synthesis of nanoparticles occurred in a
laser plume, i.e. at high temperature and rapid (<1 ms)
cooling. Let’s refer to these powders as to "laser” ones.
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B TO ke BpeMs 6b10 obHapyskeHO [9], uTO Hau-
Gonplllee yIIMpeHHe MOOCHl yCHUIEHHUS JOCTUIAeTCs
B KePaMMKax Ha OCHOBe OKCHJA UTTPHUS IIPHU BBee-
HUH reTepoOBaJIeHTHBIX MOHOB. OLHAKoO B [4, 5] momu-
poBaHHE TAaKHUMH HOHAMH He II03BOJIMJIO JOCTHYb
IIPO3PaYHOCTH, HeOOXOMHUMOH [JIsi JOCTHKeHHS
BBICOKO3)deKTUBHOM reHepauuu [10]. 3ToMy mpe-
ISITCTBOBAsIO, II0 MHEHHIO aBTOpPOB, obpa3oBaHHUe
"amenbCUHOBON KOPKH', 0OYC/IOBJIEHHON IIOBBIIIEH-
HOM KOHLIEHTpPALIMeH [OIAaHTOB BOIH3U MEXKPH-
CTJUIMTHBIX I'PaHUL. [IOCKOTBKY KepaMHKa TaKOro
KJIACCa BasKHA 7151 pa3BUTHS 1a3ePHOM TeXHUKH, MBI
HICII0/IB30BAJIU B UCC/IeJOBAHUSX /1Ba [IOAXO0/a.

B mepBOoM ciydae peanH30BBIBAICS TpagHULIU-
OHHBIM MHoAxof [3]: KepaMHKa CHHTe3UPOBaIach
13 HAHOIIOPOIIKOB IMPOCTBIX OKCHAOB Yb,0;, Nd,O;,
Y,0;, HfO, 1 ZrO,, cMeIIaHHBIX B HY>KHOM COOTHOILIe-
HuH. Ha3oBeM UX "cMeceBBle" MOPOIIKK. BTOpOM mox-
XOfI, SIBJISIeTCSI OPUTHHAJIBHBIM [11] ¥ COCTOUT B TOM,
YTO Heob6XoJHMble KOMIIOHEHTBI CMEIINBAJIMCh IIPH
IIPUTOTOB/IEHUH JIa3epHOM MHUIIEHH, a CHHTe3 HaHO-
YaCTHUI, IPOUCXOOUI B Ja3epHOM Qakene, T.e. IpHU
BBICOKOK TeMIlepaType H OpicTpoM (<1 MC) oxlaxkze-
HUHU. Ha3oBeM JaHHBIE IOPOIIKH '"JTa3ePHBIMU .

C HcIonb30BaHHEM 3THX IOAXOLO0B OBLIM IIpH-
rOTOBJIeHBl 06pasibl KePpaMHKH Ha OCHOBE OKCHA
uTTpus ¢ mobaBkamu HfO, mnm ZrO,. O6pasimsl
OBI/IM TONIIMHOHA 2-3 MM U JuameTrpom 11 MMm. AHa-
N3 BHENIHEro BHUAA 06pa3loB KepaMUK Ha OCHOBE
OKCHJIA UTTPHUS, MOTYUYEHHBIX PA3THUUYHBIMU I10JXO0-
OaMH, [TOKa3bIBAeT, YTO OHU PA3IHYAIOTCSI He3HAUHU-
TeJIbHO. Pa3/TNY K sl IPOSIB/ISIOTCS IIPU UCCIeIOBAHUU
UX CBeTopaccesHHs. Ha puc.l mpuBegeHBl $OTO-
rpadumM HCXOMHOrO M3/1y4deHHUSs naszepa (A=633 HM),
[Iaflalolero Ha 3KpaH, M U3JIy4eHHUs, IIpolIe-
mero yepe3 obpasubl M3 'CMeCeBbIX U 'Ta3epHBIX'
IIOPOIIKOB, UMEIOIIUX OAUH U TOT K& XMMHUYeCKHUI
coctaB [(Yb,Lu Yy, ),05l;,(Zr0,),. BunHo, 4TO Kepa-
MHKa, IPHUTOTOBJIEHHAs M3 'CMeCeBBIX IIOPOIIKOB,
obrmagaer 60NBIIMM CBeTOpAcCesIHUEM U IIPO3PAYHO-
CThIO Ha 15-20% HMKe, YeM KepaMUKa, [IPUTOTOBJIeH-
Hasi U3 JIa3epHBIX IOpouIKoB [11]. [Io3ToMy OHa IIoKa
He IPUTOAHA JJIs MOJyYeHHsI BbICOKO3)eKTHBHOM
reHepalliM, U Mbl HCC/Ie0OBalK KePaMHKH, IIPUTO-
TOBJIEHHBIE U3 "TTa3ePHBIX MTOPOIIKOB.

B HHX pa3syHopsfOYeHHOCTb KPHUCTA/IHYECKOH
CTPYKTYPHI IIPOSIBJISIETCS B YIIHMPEHUH II0JI0C U3y de-
HUS Ha JIa3ePHBIX [IePexoJaX MesKy HITapKOBCKUMU
ypoBHSIMU “F;,,¢>%;,, HOHA HeoguMa u °Fs,,<°F;),
moHa Yb** (puc. 2). Bonee Toro, obHapyskeHO, YTO
BBOZ, 06ABOK NPHUBOAUT K IIOTHOMY IIePeKPBITHIO
(Ha ypoBHe MeHee 0,4 0T MaKCHMaJIbHOKM HHTEHCHB-
HOCTH) KOHTYPOB [BYX IIOJIOC H3/y4YeHUS HeOoZHMa
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Using these approaches, the samples of ceramics
based on yttrium oxide with HfO, or ZrO, additives were
prepared. The samples were 2-3 mm thick and 11 mm in
diameter. Analysis of the appearance of the ceramics’
samples based on yttrium oxide, obtained by different
approaches, shows that they differ insignificantly.
The differences are manifested in the study of their
light scattering. Figure 1 shows photographs of the
initial radiation of the laser (A=633 nm) incident on the
screen and of the radiation passing through samples of
"mixed" and "laser” powders having the same chemical
composition [(Yb,Lu,Y;,),0s];,(ZrO,) ,. It can be seen
that the ceramic made of "mixed" powders possesses a
large light scattering and transparency by 15-20% lower
than that made of laser powders [11], therefore it is not
yet suitable for obtaining high-performance generation.
In this connection, the ceramics prepared from "laser"
powders were investigated further.

Their disordered crystalline structure manifests
itself in the broadening of the emission bands at laser
transitions between the Stark levels of the neodymium
ion*F;,,>;;, and of the Yb** ion’F;;,<’F,,, (Fig. 2).
Moreover, it was found that the additives lead to a
complete overlap (at a level less than 0.4 of the maximum
intensity) of the contours of the two neodymium
emission bands at A = 1060 nm and 1075 nm (Fig. 2, left).
This leads to the formation of a continuous emission
band with a width of up to 50 nm (on the base) in the
range of 1040-1090 nm. [9-11].

In the optical ceramics activated with ytterbium,
the above additives also lead to broadening of the
luminescence bands at A = 1030 and 1075 nm on a
laser transition between the Stark levels of the Yb*

lcm
a) b) 9

Puc. 1. Vicxo0Hoe u3ny4eHue noaynpo8oo0HUK08020 Ad3epd
(A=633 Hm), nadatolee Ha 3KpaH (a), u usny4eHue, Npouied-
wee 4epe3 kepamuyeckue 06pasubi [(Yb,Lu,Y,.,.),0s, (ZrO,),
u3 "cmecesozo” (b) u nazepHozo (c) nopoukos

Fig. 1. The initial radiation of a semiconductor laser

(A =633 nm) incident on the screen (a) and the

radiation transmitted through the ceramic samples
[(YbXLuVY],X,y)ZogL,Z(ZrOZ)Z from the "mixed” (b) and laser (c)
powders
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Fig. 2. IR spectra of luminescence of ceramic samples activated with Nd3* ions (left) and Yb3* ions (right)
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Ipu A=1060 HM u 1075 HM (pHc. 2, cjieBa). DTO BeneT
K 00pa3oBaHMIO CIUIOIIHOM IIOJIOCHl H3Jy4YeHHSs
IIMPUHOMN 70 50 HM (10 OCHOBAaHHIO) B JHalla30He
1040-1090 umMm [9-11].

B omTh4eckoll KepaMHKe, aKTHBHPOBAHHOU
KUTTepbrieM, BBOJ YKa3aHHBIX BbIIIe N0OABOK TaKkKe
IPUBOAUT K YIIMPEHHUIO I0JI0C JIIOMHHeCIeHIIUH
nipy A=1030 u 1075 HM Ha J1a3epHOM I1epeXxofie MeXIY
IITAapKOBCKUMHU YpOBHSIMH °Fs),«>?F,,, noHa Yb3*
(puc. 2, crrpaBa). IlonHOe IepeKpBITHe I10/I0C HabIo-
HaeTcst IpA ypoBHe 0,25 0T MaKCHMaJIbHOM HWHTeH-
CUBHOCTH. Ha HeM IIMPHHA CIUIOIIHOK II0JIOCHL
JocturaetT 100 HM 1o ocHoBaHUIO [11, 12].

B KepaMHKax C Aob6aBKaMK LUPKOHUS U radp-
HUSL 6BUIO 0OHApPY’KeHO MPHUCYTCTBHE TPeXBaJIeHT-
HBIX HOHOB Hf3* m Zr3* [11-14], yTo moaTBepXKAa-
eTCSl CIeKTPaMH 3JIeKTPOHHOIO I1apaMarHUTHOIO
pesoHaHca [13,14]. B kpuctamne uoHsl 3d104d!Zr3+
u 4f145d1Z1r3* 06pa3yloT 1o [Ba MITAaPKOBCKUX yPOBHS:
opburtansusle nybier (E) u Tpuniet (T,), sSHepreTuue-
CKHMH 3230p MeXAy KOTOPBIMH PaBeH CHJle KpPUCTas-
JTMYecKOro II0/Isl B IIO3ULIMSIX 3TUX MOHOB. B oKcHae
WUTTPHUS 3TH HOHBI 3aMeINaloT MOHBl UTTPUS B ABYX
nosunusix C, u Cj;, OIHMYAIOUIUXCS CHMMeTpHel
M CHJIOM KPHUCTA/JIMYEeCKOro Iojs. [I03ToMy B CIek-
Tpax HMMIIYJIbCHOM KaTOJONIOMHHECLIeHIIUH Kepa-
MUK, COAepKAaIlHX LHPKOHHH HIH TadpHUM, oba
voHa (Hf** m Zr**) msny4amoT 1o ABe IOTOCH IIPHU
A=818 HM u 900 HM MIHMPHUHOM OKOJIO 30 HM KaXk-

ion?F; ,«+?F;, (Fig.2, right). A complete overlap of the
bands is observed at a minimum level of 0.25 of the
maximum intensity with the width of the continuous
band at this level reaching 100 nm on the base [11,12].

In the ceramics with additions of zirconium and
hafnium, the trivalent Hf3>* and Zr3* ions were found [11-
14], which is confirmed by electron paramagnetic
resonance spectra [13, 14]. In the crystal, 3d'°4d'Zr** and
4f145d1Zr3* jons form two Stark levels: the orbital doublet
(E) and the triplet (T,), with the energy gap equal to the
strength of the crystal field in the positions of these
ions. In yttrium oxide, these ions replace yttrium ions
in two positions C, and Cy;, differing in symmetry and
the strength of the crystalline field. Therefore, in the
pulsed cathodoluminescence spectra of the ceramics
containing zirconium or hafnium, both ions (Hf** and
Zr3*) emit two bands each, at A = 818 nm and 900 nm
about 30 nm wide [11, 12]. Furthermore, the energy of
the radiative level of the short-wave band (12225 cm1?)
of the Hf** and Zr** ions coincides with the energy
of the pumping level of*Fs;, (12138-12436 cm?) of the
neodymium ion, and the energy of the radiative level of
the second longer wavelength band (11100 cm™) - with
that of the upper laser level*F;,, (11208-11404 cm?) of
the Nd3* ion. It is because of the negative influence of
the Hf** and Zr** ions on the inverse population of the
laser levels caused by this coincidence, that we have
not obtained laser generation on the neodymium ion
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nas [11,12]. TIpudeM sHeprus U3/y4aTe/IbHOIO y POBH S
KOPOTKOBOJIHOBOM Ionockl (12225 cm!) mono Hf3*
U Zr’* coBmajfiaeT C SHeprueH ypoBHSI HaKaukH “Fs),
(12138-12436 cml) MoHa HeomuMa, a SHEpPrus H3ay-
YJaTe/lIbHOTO YPOBHSI BTOPOU 6oJiee MIMHHOBOTHOBOK
110710¢HI (11100 cM™) - ¢ 3HEpruer BepxHero J1a3epHOoro
ypoBHS*F;,, (11208-11404 cm!) moHa Nd3*. HMMeHHO
13-32 HeraTHBHOTO BIMSHHUS HMOHOB Hf** u Zr** Ha
MHBEPCHYIO HaceJlleHHOCTb JIa3epHBIX ypoBHeH, 06y-
CJIOBJIGHHOIO TaKMM COBIafZileHHMeM, HaMH He Oblla
[ojy4yeHa Jla3epHas I'eHepaliys Ha Ilepexomax MoHa
HeoJHMa B KepaMHKaX C pasylopsfo4eHHOH KpH-
CTa/IMYeCKOM CTPYKTYpPOH C AobaBKaMHK TradHUS
WJIY LM PKOHUS.

HMHasg cuTyauus MUMeeT MeCTO /11 aKTUBAaTOPHOIO
roHa Yb3*. DHeprus ero BepxHero JIa3epHOTO YPOBHS
’Fs, (10240-10673 cm!) MeHbIIe 3HEPrUH H3/Iyda-
TeJIbHBIX YPOBHeN HOHOB Hf** u Zr3*. Tlo3ToMy HOHBEI
Hf3* 1 Zr** He oka3bIBAIOT BIUSHUS Ha 3aCeJIeHHOCTb
ypoBHS °Fs;, MoHa Yb*. 3To mo3Boau0O B pasyIo-
PSIDOYEeHHOM KepaMHKe, CO3LAHHOM U3 'Ta3epHBIX'
HaHOIIOPOIIKOB TBEPAOIO PacTBOPA, CO CIOKHBIM
coctaBom 0,88[(YDg oLy Y0 75), 051+ 0,12Z1r0, momy-
YUThb FeHepallkIo JIazepHoro usnydeHus [11]. TeHepa-
LIMOHHBIe CBOKCTBAa MCC/Ie0OBAJIHNCh B TpeX3epKajb-
HOM V-06pa3sHoM pe3oHaTope, 06pa30BaHHOM IBYMsI
cheprUUYeCKMMH 3epKaJlaMHU C pafuycaMK KPHUBH3HBI
100 MM M BBIXOOHBIM IIJIOCKMM 3epKajJIoM C Ko3pdu-
LIMeHTOM IIPONYyCKaHHUA 1,2%; 2,4% 1 5,0%. AKTUBHBIH
3/IeMeHT B BH/[le OTIIOJIMPOBAHHOIO Ke€PaMHYeCKOIro
OHCKa TONIIHMHOM 1.27 MM YCTaHaBIHUBAJICSI B pe30Ha-
TOpe MeXIy chepruyYeCKMMH 3epKa/laMHU IIO[ YIJIOM
bprocTtepa. Hakauyka oCyllecTBisiliack 4epe3 IUX-
ponuHOe cdepryecKkoe 3epKajo € KO3POUIIMEeHTOM
oTpakeHUA 99,9% B nuamnasone 1020-1100 HM U Ko3¢-
bULIMeHTOM IpoNnycKaHus 98% B nuamnasoHe 950-980
HM H3JIyYeHHeM JIa3epPHOro OHOoJa C BOJIOKOHHBIM
BBIXOOM MOIIHOCTbIO 9 BT IIpU [JIKMHE BOJIHBEI 975
HM U IIMPHHE I10J10Chl 3 HM. C BBIXOZHBIM 3€PKajiOM
€ KO3PPHUIIMEeHTOM IIpolycKaHud 1,2%; 2,4% u 5,0%
6bL1a JOCTUrHyTa AuddpepeHIHaNbHAL 3QPEKTUB-
HOCTb 16,5%; 26,0% u 29,0% mipu onTu4eckoi 3¢pdex-
TUBHOCTH 6,8%; 7,0% 1 9,5%, COOTBETCTBEHHO.

OTHOCHTe/IbHO HEeBBICOKHE 3HAa4eHHS II0Jy-
YeHHBIX [apaMeTPOB Jla3epHOU TeHepalluH
obycimoBineHbl ~ ob6pa3oBaHHS  'alleNbCHHOBOU
KOpPKH' B KepaMHKe C OONBIIMM comepskaHHeM
(12 Mmon.%) uUpKOHUS. B KepaMHKe coCTaBa
0,95[(Yby gsLug 15Y g0),03] +0,05Zr0, ¢ yMeHbUIEHHBIM
o 5 MON.% C colepskaHHeM CIleKaromel n06aBKu
Zr0, "amenbpCHHOBASI KOPKA' SIBHO He IIPOSIBISeET cebsl.
IIpn uccaefOBaHHUHU FeHepallMOHHBIX CBOMCTB [15]
BBISIBJIEHO, YTO I10J10Ca JIa3ePHOM reHepalluK Ha 3TOMU
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transitions in the ceramics with disordered crystalline
structure with additions of hafnium or zirconium.

Another situation is observed for the activator Yb**
ion. The energy of its upper laser level?Fs, (10240-10673
cm?) is less than the energy of the radiative levels of
Hf3* and Zr3* ions. Therefore, the Hf>* and Zr3* ions do
not affect the population of the’F;,, level of the Yb**
ion, which allowed generation of laser radiation in
disordered ceramic consisting of 0.88 [(Yb, oLt 54Y( 75
),05]40.12Z1r0, [11] obtained from "laser" nanopowders
of a solid solution. The generation properties were
investigated in a three-mirror V-shaped resonator
formed by two spherical mirrors with radii of curvature
of 100 mm and an output plane mirror with a
transmittance of 1.2, 2.4 and 5.0%. The active element in
the form of a polished ceramic disk 1.27 mm thick was
installed in the resonator between spherical mirrors at
the Brewster angle. Pumping was carried out through a
dichroic spherical mirror with a reflection coefficient of
99.9% in the range of 1020-1100 nm and a transmittance
factor of 98% in the range of 950-980 nm by a laser diode
radiation with a fiber output of 9 W at a wavelength
of 975 nm and a bandwidth of 3 nm. With an output
mirror with a transmittance factor of 1.2, 2.4 and 5.0%,
the differential efficiency was 16.5, 26.0 and 29.0% with
an optical efficiency of 6.8, 7.0 and 9.5%, respectively.

Relatively low values of the laser generation
parameters obtained are due to the presence of an
“orange peel" in the ceramics with a high content
(12 mol%) of zirconium. In the ceramic consisting of
0.95[(Yby gsLug 15Y( 50),031+0.05ZrO, with a content of the
sintering additive ZrO, reduced to 5 mol%, the "orange
peel" is not clearly manifested. While investigating
the generation properties [15], it was found that the
laser generation band on this ceramic (Fig.3) practically
coincides with the IR-luminescence band (Fig. 2, right),
its width reaches 97 nm at the base, which is currently a
record value in the visible and near-IR wavelengths.

On this entire band, quasi-continuous generation
with a differential efficiency equal to 49.3% and 51.2%
in the band maxima at the wavelengths of 1077 and
1032 nm, respectively, was obtained. These factors
provide good prospects for the development of lasers
with ultrashort pulses and lasers with a wide range of
smooth frequency tuning.

CERAMICS OF YTTRIUM-ALUMINUM GARNET
Taking into account the importance for the creation of
technological lasers and high-scale laser systems, the
great attention has been paid to YAG ceramics, doped
with Nd or Yb. Extensive studies have been carried out,
the results of which have been presented in a number
of reviews, for example, [16, 17], and monographs [18],
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Puc. 3. MNonoca nasepHol 2eHepayuu Ha Kepamuke cocmasa
0.95[(Ybg gsLUq 15Y 0 50)203]+0.05Zr0, [15]

Fig. 3. Laser generation band on ceramics of composition
0.95 [(Yby gsLUg 150 50),03]+0.052r0, [15]

KepaMUKe (PHC.3) IPAKTHUYECKH COBIIAIAeT C [I0TI0COM
HK-mioMuHecueHI UK (PHUC.2, CIIPaBa), ee IIHPHUHA
JOCTHUraeT 97 HM I10 OCHOBaHHM 0. Ha JaHHBIN MOMEHT
3TO SIBISIeTCS PEeKOPAHOM BeMUYHHOM B BHUAHMOM
U 6mr>kHeM UK-muamna3soHe JJIKMH BOJIH.

Ha Bcell 3ToM mosoce moay4eHa KBa3HHeIIpephIB-
Has reHepauus ¢ gubdepeHnanbHoN 3GPeKTUBHO-
CTBIO paBHOU 49,3% 1 51,2% B MaKCHMYyMax II0JIOCHI Ha
OnuHax BoaH 1077 1 1032 HM, COOTBETCTBEHHO. DTU
daxTopsl 00yCIaBIMBAIOT XOPOILIMe IIePCIIeKTHBEI
CO3/IaHMS J1a3ePOB C YJIBTPAKOPOTKOM [JIHTENIBHO-
CTBIO UMITY/IbCOB U JIa3€POB C IIMPOKUM JHAIIa30HOM
IJIABHOU I€PecTPOHMKHU YaCTOThHI U3/TyUeHHU .

KEPAMUKA U3 UTTPUN-ANIOMUHUEBOIO
FrPAHATA
Y4YUTHIBas Ba’KHOCTb /ISl CO3JaHHS TexXHOJoruye-
CKHX J/1a3epoB M KPYIHOMACIITAOHBIX Ja3epHBIX
cucteM, YAG-KepaMHKaM, JOMHUPOBAaHHbBIM Nd wmiu
Yb, MBI yzensiiu orpoMHOe BHUMaHHe. Bblin mpose-
IeHbl OOIIMpPHBIE HCCIeJOBAHUS, Pe3yIbTaThl KOTO-
PBIX H3JIOKeHBL B psife 0630poB, Hampumep [16, 17,
1 MoHorpaduu [18], pa3paboTaHbl MeTOAbl IIOY-
YeHHs HAHOIOPOUIKOB, KOMIIAKTHPOBAHMSA M CIIe-
KaHHs, II03BOSIONIHe CHHTe3UpOBaTh 06pasIibl
C IPO3PavHOCTBIO, OIM3KOM K TeopeTHuecKou (18],
Y TFeHepupoBaTh B HHUX H3jJyyeHHe C 3QPeKTUBHO-
cThio H6ostee 74% [18].

Pe3y/bTaThl BBICOKOIO yPOBHSI ObLIM IIOTy4YeHBI
C HCIIO/NIb30BAHHEM KaK TOpsiuero HM30CTaTHYeCcKOoro
npeccoaHus (HIP), Tak M BaKyyMHOIO CIIeKaHHS,
HO IIpU 3ToM o06s13aTebHBIM OBLIO IPUCYTCTBHE
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the methods for obtaining nanopowders, compaction
and sintering have been developed that make it possible
to synthesize samples with a transparency close to the
theoretical one [18] and to generate a radiation with an
efficiency of more than 74%. [18].

High-level results were obtained using both hot
isostatic pressing (HIP) and vacuum sintering, but
the presence of sintering additives in a mixture of
nanopowders as TEOS [3] and MgO [19] was always
mandatory. Using the nanopowders prepared by the
laser synthesis method, we have studied the feasibility
of synthesizing YAG ceramics without the use of these
additives. Various approaches to the preparation of
nanopowders were involved.

In the first case, Nd: YAG nanopowders were prepared
directly in a laser plume. For this purpose, the laser
target was pressed and sintered from Nd,0;, Y,0; and
Al,O; micropowders in the desired ratio. To implement
YAG ceramics, the required ratio was Y,0;/AL,0,=3/5.
However, all components have different melting points,
and hence the evaporation rate. Therefore, the ratio of
the componentsin the target was chosen experimentally.
The best results were obtained when the Y,0; content in
the target exceeded the value required by stoichiometry
by a factor of 1.5. In this case, the density of ceramics
without the use of sintering additives was >99.8%,
and the transparency at a wavelength of 1060 nm
reached 77%. Further attempts to improve these results
by selecting the target components were unsuccessful,
which is apparently related to the stochastic nature of
laser nanoparticle synthesis.

The following attempt to produce highly transparent
YAG ceramics without the use of sintering additives
was associated with the mixing of separately obtained
Nd: Y,0; and ALO; nanopowders in the ratio of 3/5.
The specific surface area of the Nd: Y,0; powder was
50.7 m?/g. It was a solid solution based on monoclinic
yttrium oxide with crystalline lattice parameters a=13.92
A, b=3.494 A, c=8.611 A, =101.2°. After calcination at
a temperature of 1000 °C for 30 minutes, the surface
area of the powder was 25 m?/g for conversion to the
cubic phase, i.e. the particle size increased from 12 to
49 nm. Al,O; nanopowder was also obtained by laser
evaporation of a target followed by condensation of
vapors in the air stream. Its specific surface, measured
by the BET method, was 109.67 m?/g. X-ray fluorescence
analysis showed that the powder consists mainly of the
y- ALLOsphase and the 8-phase content was less than
10%.

These powders were mixed in the indicated
proportion in a drum mixer with an inclined rotation
axis for 24 hours. Further, briquettes with a density of
20% compared to the theoretical were compacted from
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B CMeCH HaHOIIOPOIIKOB CIIeKAIOMIUX J00aBOK B BH/Ie
TEOS [3] 1 MgO [19]. Hcronp3yst HAHOIIOPOLIKH, IIPH-
FOTOB/IEHHBIE METOLOM JIAa3ePHOIO CHHTe3a, MBI
KCCJIeLOBaJIM BO3MOKHOCTH CHHTe3a YAG-KepaMHK
6e3 mpuMeHeHHS 3THUX A00aBoK. IIpu 3TOM IIpHU-
BJIEKAJIMCh Pa3/MYHbIe IIOAXOJAbl IIPUIOTOBJIEHUS
HaHOIIOPOIIIKOB.

B mepBom ciydae Nd: YAG-HaHOIIOPOIIKHU IIPHUIO-
TaBJIMBA/IMCh HEIIOCPEACTBEHHO B JIa3epHOM ¢dakese.
Jlis 3TOTO J1a3epHas MUILEHE IIPeccoBajach U CIeKa-
nace u3 Mukpomnopoumkos Nd,0;, Y,0; u Al,O; B HY>K-
HOM COOTHOLIeHHH. JIns peanusanuu YAG-KepaMUK
HeobxomuMo cooTHoumeHHUe Y,0;/Al,0;=3/5. OgHaKo
BCe KOMIIOHEHTHI MMEIOT Pa3sHyIo TeMIIepaTypy IlJIaB-
JIeHHMs, a 3HAYUT U CKOPOCTh MCIIapeHHus. IlosaTomy
COOTHOIIEHMEe KOMIIOHEHT B MHUIIEHH II0A6HPanIoch
3KCIIepHMeHTaIbHO. Haunydiiue pe3yabTaTsl OBLIH
[OJIy4YeHbl, KOrha cogepkaHue Y,0; B MUIIEHHU IIpe-
BOCXOAM/IO B ~1,5 pa3a 3HaueHue, TpebyeMoe CTeXH-
oMeTpHeH. B 3ToM ciy4ae IJIOTHOCTb KepaMHUK 6e3
MCIIO/Ib30BaHHUS CHeKAWMUX A006aBOK COCTaBIsIA
>99,8%, a MpO3padyHOCTb Ha [JIMHe BOJHBI 1060 HM
OOCTUTaNa 77%. [JalbpHeHIIHe IIONBITKH YIy4YIIHThb
3TU Pe3yJbTaThl MOAOOPOM KOMIIOHEHTOB MUIIEHU
ocTanuch b6e3ycnemHeIMU. [Io-BUAUMOMY, 3TO 6bLI0
CBS3aHO CO CTOXaCTHYECKHMM XapaKTepOM JIa3epHOro
CUHTe3a HaHOYaCTHII.

Crenyrmomas IIOIBITKA IIOJIYYUTh BBICOKOIIPO-
3pauHble YAG-KepaMUKU 6e3 KCIIOTB30BaHUS CIIe-
KapIuxX O0ob6aBoK Obljla CBSI3aHA CO CMEIIMBaHHEM
oTzenbHO monydeHHBIX Nd:Y,0; u Al,O; HaHOIOpOII-
KOB B COOTHOIIeHWMHW 3/5. Yie/lbHas IOBEPXHOCThb
Nd:Y,0; mopomka coctasnsina 50,7 M?/r. 9To 6bL1
TBepABbIK PaCTBOP Ha OCHOBE MOHOKJIMHHOIO OKCHZA
HUTTPHUSA C TapaMeTpaMH KPUCTA/I/IMYeCKOH pelleTKH
a=13,92 A, b=3,494 A, ¢=8,611 A, $=101,2°. [Tocse mpo-
KanuBaHUA IIpU TeMriiepatype 1000 °C B TeueHue 30
MUH [/ IlepeBoja B Kybuueckyio ¢a3sy ynenbHas
IIOBEPXHOCTBH ITOPOIIKA COCTABIsLIA 25 M?/T U pa3mep
YaCTHULL YBeJIMYHBAJICA € 12 1o 49 HM. HaHomopomiox
Al,O; mony4anu Takske MEeTOZOM JIa3epPHOI0 HCIape-
HUS MUIIEHH C [I0C/IeyIollel KOHeH calluell 1apoB
B IIOTOKe Bo3Ayxa. Ero ymenbHas MoBepXHOCTh, M3Me-
peHHast B3T-meTomoM, cocTaBisuia 109,67 m?/r. POA
II0Ka3aJI, YTO IOPOIIOK COCTOMUT B OCHOBHOM M3 (asel
y-ALO;, a conep>raHume 8-passl cocTaBuIo MeHee 10%.

9TH MOPOMIKKM CMELIMBATIKUCh B yKa3aHHOM IIPO-
nopuyu B 6apabaHHOM CMecHTe Ie C HAK/IOHHO OChIO
BpallleHHs B TeueHUe 24 4acos. Jlajlee U3 3TOU CMeCH
KOMIIaKTHPOBA/NINCh OpPHKeTH C IJIOTHOCTBIO 20%
OTHOCHTEeJ/IbHO TeOpPeTHYeCKOH, KOTOpble II0OTOM IIpO-
KaJMBaJIMCh mpu TemIeparype 1200 °C B TeueHHUe
3 4dacos. Kak mokasan PPA, copepkanue YAG-dasnl
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this mixture, which were then calcined at 1200 °C for
3 hours. As shown by Xray fluorescence analysis, the
YAG phase content in the briquettes was 96-98%. These
briquettes were then milled by YSZ balls in a planetary
mill for 48 hours.

The analysis of powder images after grinding showed
that the agglomerates of the particles formed after
calcination had an average size slightly less than 1
pm, but sometimes their size was close to 10 pm. The
compacting of nanopowders into disks with a diameter
of 15 mm and a thickness of 1.5-4.5 mm was carried out
by the method of dry uniaxial static pressing without
the use of any additives. The compacting pressure in
these experiments was unchanged and was 200 MPa,
which made it possible to obtain a density of 61.8%.
Sintering was performed at a temperature of 1760 °C for
20 hours. The pore content in the samples was ~60 ppm,
and the transparency was 83.28%. For the first time in
the Nd: YAG ceramics that did not contain sintering
additives, the generation was obtained with an average
power of up to 4 W and a differential efficiency of
19% [20].

However, much better results were achieved when
0.5 wt% TEOS sintering additive was added to the
nanopowder. In this case, the slightly agglomerated Nd:
Y,0; and Al,O; nanoparticles of spherical shape with
dimensions of 8-14 nm were calcined at a temperature
of 900-1200 °C for transformation from the monoclinic
to the cubic phase. These calcined nanopowders were
weighed to ensure the Nd, (Y, ,AlsO;, stoichiometry
and mixed in a ball mill with an inclined axis of
rotation in alcohol with the addition of 0.5 wt% TEOS
for 48 hours.

Using the previously described approach,
Nd(Yb):YAG ceramic samples were synthesized. Fig. 4
shows a photograph of a Nd: YAG ceramic sample,
its transmission spectrum, and also the transmission
spectrum of a single-crystal laser of the same
composition, which has theoretical transparency. It can
be seen that in the wavelength range of more than 450
nm, these spectra practically coincide. Compared with
the above results, the optical quality of the resulting
ceramic due to the presence of SiO, was improved due
to a partial reduction in agglomeration of the powder
during the calcination step, inhibition of crystallite
growth and pore removal due to the formation of the
liquid phase, which led to reducing their content to 17
ppm. Similar results were obtained by compacting the
calcined Nd:Y,0; and Al,0; nanopowders into compacts
with a relative density of 48% and reactive sintering at
1780 °C for 20 hours.

The comparative studies of our samples and samples
by Konoshima Chemical [21] were carried out jointly
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B OpHuKeTe COCTaBIsANI0 96-98%. 3aTeM 3THU OpHUKETHI
IIOJBEPraJiCh Pa3sMo/ly IIapaMu U3 YSZ B IIJIaHeTap-
HOU MeJIbHHIIe B TedeHHe 48 4acoB.

AHanu3 oTton3o6paskeHUN IOPOIIKa II0CIe Pas-
MoJIa IIOKa3aJl, YTO arjJoMepaThl 4YacTHL, obpaso-
BaHHEIe II0C/e IIPOKA/IMBAaHUS, HMEIT CPefHHU
pasmep HeCKOJIbKO MeHbIle 1 MKM, HO HMHOIJA HX
pasmep npubnmkaercs k 10 Mkm. KoMmakTHpoO-
BaHME HAHOIIOPOIIKOB B JUCKH AHaMeTpoM 15 MM
U TONLKUHOU 1,5-4,5 MM pOBOSMIH METOAOM Cyxoro
OFHOOCHOT'O CTaTHYeCKOro IIpeccoBaHUs 6e3 HCIIOIb-
30BaHHUS KaKUX MO0 mobaBok. [laBlieHHe IIpecco-
BaHUS B 3THUX SKCIIePUMeHTax OBI/I0O HeHM3MEHHO
U cocTtasisgino 200 MIIa, 4TO II03BOJISIIO II0/Iy4YaTh
IUIOTHOCTH 61,8%. CriekaHHe ITPOM3BOAM/IOCH IIPHU
TeMmrepatype 1760 °C B Teuenue 20 yacoB. Comepska-
HHUe mop B obpasuax cocTaBiasiio ~60 ppm, a mpo-
3pauHOCTh 83-28%. BriepBble B Nd:YAG-kepaMUKe, He
cofepsKalller CleKaoImux Aob6aBoK, Oplaa MoaydeHa
reHepalys cO CpeHeH MOIIHOCTBIO 10 4 BT u nudde-
peHLHaNIbHOU 5GPeKTUBHOCTRIO 19% [20].

OnHAKO CYIIEeCTBEHHO JIy4IIHe pe3yabTaTsl ObIN
JOCTUIHYTBL BCe-TaKW IIPH BBeJEHHUK B HAHOIIOPO-
IIIOK CIeKampIned mobasku B Bume TEOS 0,5 Bec. %.
B sTtom cnyuae ciaboarnomepupoBaHHBIE HaHOYA-
crunsl Nd:Y,0; u ALLO; coeprueckort GOpMBEL C pas-
MepaMu 8-14 HM IIPOKa/JIMBAIMCh IIPU TeMIIepaType
900-1200 °C gns TpaHCchOOpMALIUK M3 MOHOKIUHHOU
B Kybudeckyio ¢asy. DTH IIpPOKaJleHHBIe HAHOIIO-
POIIKHK B3BEUIMBATHCH A5l obeclleueHUs CTeXHOMe-
Tpuu Nd, 3Y; ;A150;, U cMemnBanKCch B 1MapOBOK
MeJIbHHMIIE C HaKJIOHHOM OChI0 BpaIlleHMs B CIIUPTe
c mobasieHueM 0,5 Bec.% TEOS B TeyeHUe 48 4acoB.

ITpy MCIIONIb30BAHUM paHee H3JIOKeHHOIO II0[-
xoma 6pUTH cuHTe3upoBaHbl 06pa3ner Nd(Yb):YAG-
KepaMUK. Ha puc.4 npuBesieHa pororpadus obpasua
Nd:YAG-kepaMHUKH, ero CIeKTp MPOIYCKaHUS,
a Tak>Ke CIIeKTP MPONYyCKaHHUS JIAa3€pHOr0 MOHOKPH-
CTa/lJIa TaKOIo ke COCTaBa, 06/a/aromiero TeopeTH-
YeCKOHM IMPO3PavyHOCTbIO. BHUIHO, YTO B AHaIla3oHe
IJIHH BoJH 60s1ee 450 HM 3TH CIIEKTPHI IPaKTHYeCKH
coBmazaimT. Ilo CpaBHEHMIO C BBIIIEH3JIOKEHHBIMH
pe3y/ibTaTaMH OITHYeCKOoe KauecTBO II0Jy4eHHOM
KepaMHKHU H3-32 MPUCYTCTBUS SiO, yaydIIHIOCH
6narozaps 4aCTHYHOMY CHM KeHHIO arjoMepallu
[IOPOLIKA Ha CTaJHH IPOKA/THBaHUS, TOPMOKEHHUIO
pocTa KpUCTA//IMTOB U yOajleHHUIO IIOp BCIeACTBHE
obpa3oBaHUS KUAKOM (asbl, UTO MNPUBENIO K YMEeHb-
IIeHHUIO HUX CodepsKaHHUA o 17 ppm. AHaJOTHYHEIe
pe3yJbTaThl OBbIIM IIOy4YeHbl IIPU MIPeCCOBAHUU IIPO-
KaJIeHHBIX HaHomopomkoB Nd:Y,0; u ALO; B xom-
MIaKThI C OTHOCUTE/IBHOM IJIOTHOCTBIO 48% 1 peaKTHB-
HOM cIteKaHuU npu 1780 °C B TeueHHe 20 YacoB.
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with the National Institute of Optics (Florence, Italy).
They had the same composition (1 at.% Nd:YAC) and
a thickness of 1.5 mm. To obtain the generation, a
V-shaped resonator was used (Fig. 5a). Pumping was
carried out through an end dichroic mirror having high
transparency for pumping radiation and high reflection
for the generated radiation and spaced from the sample
by 4 mm. The distance from the end EM and the output
mirror OC to the rotary mirror FM was 280 mm. The
OC transmission varied between 2-20%. Pumping was
carried out by rectangular pulses of a duration of 10 ms
and a frequency of 12.5 Hz. Their peak power was 32 W,
the radiation focusing spot was 0.8 mm.

The dependence of the output power on the pump
power is shown in Fig. 5b. Similar results were obtained
for the samples of Konoshima Chemical. Comparative
data are given in Table 1. The best results were obtained
with a transparency of the output mirror T,. = 20%,
when the radiation power was P, = 491 W, and the
differential efficiency ng = 52.7%.

Thus, the introduction of a sintering additive in the
form of TEOS had a significant effect on improving the
characteristics of samples prepared from nanoparticles
synthesized in a laser plume.

COMPOSITE (CLADDING) CERAMICS

They are necessary for creating lasers where the
surface dimensions of the active element are much
larger than the thickness (thin-film lasers, high-
scale laser systems). In this case, the probability
of "parasitic" generation along the largest path is
great, which can significantly reduce the efficiency
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Puc. 4. Cnekmp nponyckarust Nd: YAG moHokpucmanaa (1)

u kepamuku (2) (Ha ecmaske: pomozpadus Kepamuku)

Fig. 4. Transmission spectrum of Nd: YAG single crystal (1) and
ceramics (2). The inset shows a photograph of ceramics
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CpaBHUTeNbHBIe HCC/IeJOBAHUS HaIIHx ob6pas-
noB u upmer Konoshima Chemical [21] mposo-
OUIHUCh COBMECTHO ¢ HallMOHA/JIBHBIM HHCTHUTY-
TOM ONTUKU (r. ®nopeHuus, Utanus). OHU UMeTH
omuHaKoBbIN cocTaB (1 aT. % Nd:YAG) u TonumuHy
1,5 MMm. [lng monydyeHUsS TeHepalMM HCIIONb30-
Bascsi V-06pa3HbIM pe3oHaTop (puc. 5a). Hakauka
IIPOM3BOAMJIACH Yepe3 KOHIIeBOe JUXPOUYHOe 3ep-
Kajo, HMelolee BEICOKYIO IIPO3PaYHOCTD AJIS U3y~
YeHHs HaKayKH U BBICOKOE OTpaskeHHUe [Jis reHe-
pUpyeMOro M3jy4deHHs M OTCTosiiee OT obpasia
Ha 4 mM. PacctossHUe OT KOHLIeBOro EM M BBIXOJ-
Horo 3epkana OC mgo moBOPOTHOrO 3epkana FM
cocraBngno 280 mm. Ilpomyckanrne OC MeHSJIOCHh
B MHTepBaje 2-20%. Hakauka mpou3BOAMIACH IIPs-
MOYTOJBHBIMU KMMIYJAbCAMH IOIHUTEIBHOCTHIO 10
MC M 4dacTtoToHn 12,5 T'1i. MX ImHKOBasg MOIIHOCTbH
cocTasisaa 32 BT, nTHO POKYCHUPOBKH M3yUYeHUS
0,8 MM.

3aBUCHUMOCTH BBIXOJHOHM MOIIHOCTH OT MOII-
HOCTHM HaKa4YK{ IpHBefleHAa Ha pHC. 5b. Bams-
KUe pe3y/IbTaThl IIOJy4YeHBl U Ha obpasnax ¢upmMsl
Konoshima Chemical. CpaBHHTenbHBle NaHHEBIE
npuBeseHsl B Tabn. 1. Haunyulive pe3ynbTaThl
[0JIyYeHbl IIPHU IPO3PAYHOCTH BBIXOJHOTO 3ep-
Kana T,.=20%, IpHU KOTOPOI MOIIHOCTD U3/IyUeHUS
coctaBasiia P,,=4,91 BT, a nuddepeHnanbHasa
30 PeKTHUBHOCTE Ty =52,7%.

Takum ob6pasoM, BBeJeHHe CIeKaOIeHn
mobaBku B Buzge TEOS CyIIeCTBEHHBIM o6pa30M
CKa3a/0Ch Ha YyIy4dlleHHH XapaKTepUCTHUK o06pas-
LIOB, IIPUTOTOBJIEHHBIX M3 HAaHOYACTHUI, CUHTE3U"
POBaHHBLIX B JIa3epHOM daKkere.

KOMMO3UTHDIE (KNAAOVNHI OBbIE)
KEPAMUKHU

KoMmo3uTHBIE (KIaJAUHIOBble) KePAaMHKHU Heobxo-
OUMBL [711 CO3LAHUS J1a3ePoB, Y KOTOPBIX Pa3Mephl
IIOBEPXHOCTH aKTHBHOTO 3/eMeHTa CyIleCTBeHHO
IIpPeBbIIAIOT TOAIMHY (Ia3ephl HA TOHKHUX AHCKAX,
KpyIHOMacHITabHble Ta3epHble CUCTEMBEI). B 3ToM
clydae BeJHKa BepOsITHOCTh QOPMHUPOBAHUS
"IapasUTHON" reHepalUMU II0 HaubObIIEMYy IYTH.
9TO MOXeT CyIleCTBEHHO CHH-
3UTh 3QPEeKTUBHOCTD UJIHU [aKe
IIOAABUTh TeHepalui. Takoro
3¢ dexTa MOKHO H3bekaTh, eciiu
COeIMHHUTb AaKTHUBHYIO Cpeny
6e3oTpaskaTe/NbHO C IIOIJIOMIAO-
MM MaTepHajaoM. B pabore [22]
II0Ka3aHo, YTO JJs1 aKTHBHOMU

Nd:YAG kepaMunk
Nd:YAG ceramics

CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e
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U 3a8UCUMOCMU MOLWHOCMU 2eHepauuL om MoLHocmu
Hakayku (b)

Fig. 5. Flow-chart of the experimental setting (a) and the
dependence of the generation power on the pump power (b)

or even suppress generation. This can be avoided by
connecting the active medium with the absorbing
material without reflectance. It was shown in [22] that
for a Nd: YAG active medium this material can be Cr:
YAG, provided that a significant part of the chromium
ions is tetravalent.

The synthesis of ceramics [23] was carried out
according to the previously described technology. The
difference is that the central part of Nd: YAG was
compacted in advance at a pressure of 15-20 MPa in
the form of a circle or a square. Then a mixture of
(Y+Ca)/(Al+Cr)/3/5 nanopowders was filled along the
contour of the previously formed Nd: YAG preform,
and then the entire system was compacted with
uniaxial static pressure of 200 MPa. The Ca?* ion was
used as the charge compensator.

Tabn. 1. JlazepHble xapakTepnctmnkm Nd: YAG kepamMmumk
Table 1. Laser characteristics of Nd: YAG ceramics

Pout' W nsv%

cpenbl Nd:YAGC TakMM MaTepH-
amom MoxeT 6bTh Cr:YAG mpu

30 YpO PAH
EPI of UB of RAS 491 52,7 4,38 35,5 2,07 16,7
‘ Konoshima Chemical ‘ 5,29 ‘ 53 ‘ 4,69 ‘ 40,4 ‘ 2,49 ‘ 16,6 ‘
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Tabn. 2. XapakTepucTUKN Kepammnk
Table 2. Characteristics of ceramics

Ne o6pasua cr, Ca,o [LMm  a,cm? a,cm aj, cm Ngx107, M3 N,x107, M N3 x107, cm3 o
MOJIbH.% 4 3 4 3 A A N;/N¢.%
Sample No. o mm cm cm cm cm cm cm
mol.%
1787 0,25; 0,25 2,0 1,00 0,49 0,40 1,76 2,51 2,58 0,49
1816 1,90;0,15 2,0 4,75 2,73 2,34 8,34 11,8 12,2 0,30
1824 2,50; 0,25 2,2 5,81 4,12 3.79 10,2 14,5 14,9 0,28

YCJIOBHH, YTO 3HauHTebHAasl YaCTh MOHOB XpPOMa
bymeT yeThIpexBaJeHTHOM.

CHHTe3 KepaMHUK [23] IPOBOAU/ICS I10 paHee U3JIO0-
SKEHHOU TeXHOJIOTUH. OTIHYMS 3aKTI0YAIOTCSI B TOM,
YTO IpelBapUTENIbHO IIPeCCcOBaaach MPH AaBIeHHU
15-20 MIIa ueHTpanbHas 4dactb Nd:YAG B dopme
Kpyra WM KBajpaTa. 3aTeM CMeChb HaHOIIOPOIIKOB
(Y+Ca)/(Al+Cr)/3/5 3acelmasach IO KOHTYPy paHee
coopmupoBaHHOM Nd:YAG 3aroToBKH, a 3aTeM BCs
CHCTeMa IIpeccoBajlach OJHOOCHBIM CTaTH4YeCKHUM
mapiaeHruem 200 MIla. HMou Ca?* MCII0Ib30BajICH
B KaueCcTBe KOMIIEHCATOPa 3apsiia.

Crextp noromeHusa Cr YAG-KepaMUKH C MOJISP-
HbIM oTHowmeHueM Cr/Ca (tabi. 2) mocie OTKMra
U IIOJIMPOBKU IOKa3aH Ha pUc. 6. CHIbHOe IIOoIJIole-
HHe B BUJUMOH o61acTu 06yC/I0BI€HO, B OCHOBHOM,
nepexogaMu “*A,-4T,,%T;,’T, TpexBaieHTHoro Cr.
[Tepexon “A,-°E, noHa Cr** uMeeT y3KHH IHK IpHU
684 uMm. B obimactu 800 HM HMeeT MECTO II0JIoca
IIOIVIOIeHH s Ha Iepexofe 3B;((A,)-»3ECT,) nona Cr*.
CeueHH S MOIJIOUIEHUS IJIS1 3TOr0 OIITHYECKOro Iepe-
Xofa, paBHble mpu A=1064 HM 0=5,7-10"8 cm? [24],
0=4,0-10"18 cm? mpu A=946 HM [25] 1 0=3,9-10"18 cm?
nipu A=914 HM [26] HCIIOTIB30BAIHUCH AJISI OLIEHKU KOH-
nenTpanuu Cr*. Ko3pPULIMeHT MHOIIomeHus cxi()\i)
DI BBIIIEYIIOMSIHYTHIX IJIMH BOnH (i=1, 2, 3) ompe-
JleJIsICs C UCII0/Ib30BaHHUEM Pe3y/IbTaToB CIeKTPasb-
HBIX HCC/IeJOBAHUM (CM. PHC.6) C IIOMOIIBIO CIeAYIO-
IIero ypaBHEHUS:

ai(ki)=—%ln( T(”i)z), W

roe T(A\;) - Ipo3padyHOCTh HA [JIMHE BOJHBI A,
| - TonmuHa obpasua, R - KO3QPULIHEHT OTpaskeHU S
(R=0,085 myst moBepxHOCTH obpasua u n=1,82 npu
A=1064 uM [24]). KoHIeHTpalms Cri+ oIpenesnsjiach
Kak Nj=o;/0;. Tabm. 2 moxka3bslBaeT BBIYUCIIEHHBIE
3Ha4eHUs a; U N; 1151 Tpex IJIMH BOIH. X pasnuuus,
I10-BUAUMOMY, 06yC/IOB/IEHBI TOYHOCTBIO U3MepeHHU s
CedeHHHU MOIJIOWEHHUS, [IOCKOIbKY JUCIIEPCHS K03b-

The absorption spectrum of the Cr: YAG ceramic
with the Cr/Ca molar ratio (Table 2) after annealing
and polishing is shown in Fig. 6. The strong absorption
in the visible region is mainly due to the*A,»*T, *T,,’T,
transitions of trivalent Cr.The*A,»’E, transition of
the Cr?* ion has a narrow peak at 684 nm. At 800
nm, an absorption band takes place at the’B, (*A,)-°E
(T,) transition of the®™+ ion. The absorption cross-
sections for this optical transition equal to 0=5.710"
18 cm? [24], 0=4.01078 cm? at A = 946 nm [25] and
0=3.91078 cm? at A = 914 nm [26] were used to estimate
the concentration of Cr**. Using the data in Fig. 6,
the absorption coefficient «;(A;) was determined for
the above wavelengths (i = 1, 2, 3) by the following
equation,

ai(}“i)=_%ln((]’_r_(>ﬁgz) , @

where T(\,) is the transparency at wavelength A;, 1
is the thickness of the sample, R is the coefficient

3B,(3A,) » 3ECT,)  3B,(A,) - 3ECT)
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Puc. 6. Lnekmpbl NponyckaHus obpasuos NeNe 1/8/, 1816
u 1824 kepamuku Cr: YAG ¢ pasHbim co0ep>KaHuem Xpoma
(maéa. 2)
Fig. 6. Transmission spectra of samples NeNe 1787, 1816 and
1824 of Cr:YAG ceramics with different chromium contents
(Table 2).
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duLIMeHTa NpeloMJIeHUSI B 3TOM [Halla30He IJIHH
BOJTH MeHee 1074, BUHO, YTO C yBeJIMYeHUH HA4aIb-
HOM KOHIIeHTpPaLlUM XpoMa N, pacTeT KOHLEHTpa-
uus N *, Ho oTHomeHUs N **/ N, yMeHbIIaeTcs.

Ha pwuc.7 npuseneHa ¢ororpadusi KOMIIO3HUT-
HBIX KEepPaMHUK, BBIIIOJHEHHBIX C I[@€HTPaJbHOMN
YacThI0O B BHJe Kpyra M KBajaparta. COCTaB ILieH-
TpanbHON dYacTu - Nd:YAG, a obomouku (Kian-
puHTa) - 1,9 at. % Cr, 0,15 ar. % Ca:YAG. IllupuHa
obomouku h BeIUHMCHISIIACH M3 HepaBeHCTBA, OIIpe-
Iesoero yClaoBUSL IIpPeJOTBpAlleHUs Pa3BUTHS
"MapasuTHON" reHepalUU

oyh>g'L. @

M3 pemeHHs HepaBeHTBa (2) cienyeT, 4To Ajs obo-
JIOUKU C HAUMEHBIIUM KO3PPUIIUEHTOM IIOIJIO-
ImeHHUs o mUpuHa obomouku h momkHA coctas-
nsaTh bomee 2 MM mIpu Ko3QOUIIHMEHTe YCUIeHUS
g=0,45cm ! u giune =11 MM.

ANODYINOHHASA CBAPKA JIA3EPHbIX
KEPAMUK

TpyaHo co3maTh b6ecIOpHUCTBIe BBICOKOIIPO3pau-
Hble KepaMHKU TONIHUHON 6ojlee 5 MM B pa3yMHoOe
BpeMsi CIleKaHHs. Ilo3ToMy misi cuHTe3a bosee Tom-
CTBIX 06pa3lioB, HCIIONB3YIOMMXCS B MOIIHBEIX JIa3e-
pax, OBUIM Pa3BHUTHI Pa3IHYHBIE

_ @ NA3EPbBI N JIASEPHbIE CACTEMb| I
i g

"Kpye 8 kpyze" (creda) u "keadpam e kpyze" (cnpasa)

Institute of Electrophysics UB RAS
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Puc. 7. Obpasubl kKomno3umHol Kepamuku ¢ zeomempueli

Fig. 7. Samples of composite ceramics with the "circlein a
circle” geometry (left) and "square in a circle” (right)

reflection (R = 0.085 for the sample surface and

= 1.82 for A = 1064 nm [24]). The concentration of
Cr** was determined as N;= «;/0;. Table 2 shows the
calculated values of a; and N; for three wavelengths.

MeToAbl AHMGY3UOHHOM CBapKHU.
IKCIIepUMEHTOB B 9TOM HaIlpaB-
JIEHUU BBINIOJIHEHO CPAaBHUTEIBHO
HeMHoOro [18]. CyTp HUX CBOAHMTCA
K HeobX0ZHMOCTH  yCTpaHe-
HHUS TpPaHHUIL MeXJy CBapHBae-
MBIMH 3aroTOBKaMH B IIpoliecce
JaJIbHeHIIero CieKaHMs 3a cueT
PpeKkpHCcTa/IN3aL KU 3epeH. Takon
IIOAXO0J, BBITOJHO OTIHYAETCS
OT IMOCaAKH Ha ONTHYECKHH KOH-
TaKT, KOIAZA TPaHUILB MeXAy
obpasnamMu B BHJe IIOp BCe-TaKHU
OCTAIOTCSI, CKOJIBKO OBI TIATEIBHO
He IMOJIHPOBAJIM KOHTAKTHUPY-
eMmble obpasmer [18]. Hamu nis
3THUX LieJeld Pa3sBUT AOCTATOYHO
IIPOCTOM MeTOA, ABYXCTaJAHHNHOU
CBapKM JIa3epHBIX KepaMHUK [26].
Ha mepBoM sTame aBa obpasma
(puc.8) ¢ xXapaKTepUCTHUKAMH
MOBEPXHOCTH: IIJIOCKOCTHOCTD
A/20 u mepoxoBaTtocTh 50 HM -
IO BEPrajiliCh TopsiueMy IIpecco-
BaHUIO IIPU TeMIlepaType 1440 °C

Puc. 8. O6pa3zubl Nd: YAG kepamux do (a) u nocae (b) dsyxcmaduliHoli dugpy3u-
OHHolI ceapKu, a Makxe MuKpocmpyKmypa epaHuubl pazdead nocae nepsoli (c)

u 8mopoli (d) cmaduu

Fig. 8. Samples of Nd: YAG ceramics before (a) and after (b) two-stage diffusion
welding, as well as the microstructure of the interface after the first (c) and second
(d) stage
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B Te4yeHHe 2 YacoB Ipu AasneHuu 30 MIIa. Ha BTopom
3Tale OHHU OOKUIIKCh IIpHU TeMmieparype 1780 °C
B TedyeHue 20 4JacoB. B 3KCIIepMMEHTaX HCIIOIb30-
Banuch gaBa obpasma Nd:YAG-KepaMUKU [IUaMe-
TpoMm 11 MM, TOIIMKMHOM ~1,8 MM K IIPO3PavHOCTBIO
82,3% u 82,0%, qTo COOTBeTCTBOBaJIO o=0,1080 cm™
U a,=0,1296 cm!

Ha pwc.8 HpI/IBe,Z[eHbI doTtorpadun Nd:YAG-
KepaMHK [0 K IOC/Ie JBYXCTaAUHHON NTHPPY3HOH-
HOM CBapkH (puc.8a, b) © MUKPOCTPYKTypa IPaHHUIIBI
paszena mociie IepBoM U BTOpoM crazuu (puc.8c, d).
BuaHO, YTO Moc/ie CBapKy IPaHMIIBl Mcuesnu. Cpen-
HHe pa3sMephl KPUCTAJJIMTOB BCJIeACTBHE PEeKPUCTa-
JH3ALHH YBEJIUYHINCH € 48 MKM 10 52 MKM. IIpu 3TOM
IIPO3pPavyHOCTh YMeHBbIINJIAchk 00 81,4% M3-3a yBeIU-
YeHHUs TOJIIMHBI CBapeHHOro obpasua. Kpome Toro,
yMeHbIIa/laCk IIOPUCTOCTH ¢ 31,5 ppm mpo 27 ppm
U Ko3dPHIIHeHT moromeHus g0 0,0985 cm! Bcmen-
cTBHe 6oJiee IJIUTeIPHOTO BpeMeHHU CIIeKaHUS.

MAITHUTOAKTUBHbIE KEPAMUKUA

Takue KepaMHKH BaKHBI /I CO3JaHUS IPUOOPOB HA
ocHOBe 3¢ dekTa Papajes: ONTUYECKUX IIepPeKIII0Ya-
TesleH, 3epKaJjl, U30/ISTOPOB, Ja3epPHBIX THPOCKOIIOB.
MarHMTOONTHUYeCKHe CTeKJIa UM MOHOKPHCTAJI/IBL
M3rOTAaBIMBAIOTCSA C MCIIOJNb30BaHHEM OKCHUJIOB
Ce, Pr, Dy unu Tb, mpuyeM okcup Tepbus sBis-
eTcsl Hauy4IIUM K3 HUX [27]. B HacTosllee BpeMs
Haubospllee MPUMEHEHHE JJIsI 3TUX LieJIel UMeeT
TepOUU-TaJUIMEBBIM TIpaHAT C Ko3bPHUIIHMEHTOM
Bepne, XapaKTepHU3YOIIHMM YIrojl IIOBOPOTA IIJIOCKO-
CTH MOJApU3ALUU H3Iy4YeHHs, 00 40 pa,[[‘M_l’TJ'I_l.
HenaBHo [28] ymanoch BBIPACTUTb MOHOKPHUCTA
Tb,0; U HPOBECTH H3MEPEHUsS XaAPaKTEPUCTHUK
obpasna c pasmepaMu 5x5x1 mm3. IIpo3pavuHOCTb
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Puc. 9. Cnekmpsl nponyckanus u omozpacus 06pa3yos
MazHUmoonmuyeckol Kkepamuku Ha ocHoge Tb,0;

Fig. 9. Transmission spectra and images of samples of
magneto-optical ceramics based on Tb,O,

Their differences, apparently, are due to the accuracy
of measuring the absorption cross sections, since the
dispersion of the refractive index in this wavelength
range is less than 107*. It can be seen that with an
increase in the initial concentration of chromium
N, the concentration of N,** increases, but the ratio
N **/ N, decreases.

Fig. 7 shows an image of composite ceramics made
with a central part in the form of a circle and a square.
The composition of the central partis Nd: YAG, and the
cladding is 1.9 at.% Cr, 0.15 at.% Ca: YAG. To prevent
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3TOr0 MOHOKPHCTa/JIa COCTaBisaa 77%, a Ko3poHu-
LIMeHT Bepne - 134 pa/:[-M‘l'Tn‘l. B nocnegHeMm mecs-
TUJIETUH AaKTUBHO BeAyTcsi PaboThl IO CO3[AHHUIO
MarHMTOONTHYECKHUX KepaMHK. 34ech TPYAHOCTHU
co3manus Tb,0; KepaMHUK CBSI3aHBl C HaJHYHUEM
y 3TOro MaTepHaJ/ia 4yeTblpex a3 B Ipelesax LOCTH-
raeMbIx TeMIIEpaTyp, IprUYeM Kaxkgas ¢asa MoXKeT
CoJepKaTh pa3Hoe KONHYeCTBO KHUcIopopa. M3 16
MoAUOHUKALIMI OKCHIA TepOUs HY>KHO peas30BaTh
OIHY.

9TH TPYAHOCTH OBUIM IIPEOAOIeHBI 3a CUYeT "HaBs-
3pIBaHUS Kybuueckor ¢aspl myTem nobaBku Y,0,
Y MCII0/Ib30BaHU S Fopsiuero npeccoBaHus [29], a Takske
nobaBKu ZrO, U ropsuero U30CTaTHYeCKOro IpeccoBa-
Hu [30]. B mocnenHeM ciaydae ObITHM JOCTUTHYTH HAU-
NlydIye pesy/bTaThl, B 4aCTHOCTH, A (Tby (Y, 4),05
u Tb,0; ¢ mobaBkort ZrO, peanu3oBaHa IIPO3PAYHOCTH
81,10% u 81,35%, COOTBETCTBEHHO, IIpHUYeM B IIOC/Ie[-
HeM CjIy4dae peasil30BaH HaWOONBUIIME HAa IaHHBIA
MOMeHT Ko3dduireHT Bepme 154 pan-mTiul. Iloka-
3aHO, 4TO KO03QPHIMeHT Bepzme mporopLHOHAIEH
comepskaHuio Tb B cocTaBe KepaMHUKH.

MBI HCCIe[OBaJM BO3MOXHOCTHU IIOJIyYeHUS
BBICOKOIIPO3PAaYyHBIX KepaMHK Ha ocHoBe Tb,0; 6e3
KCIIO0/Ib30BAHUS TOpSYero MpeccoBaHUS U Topsiuero
M30CTAaTUYeCKOI0 IIPeCCOBAHMUS, HCIIONb3YysS HAHO-
[IOpPOLIKM, CHHTEe3HPOBaHHEIE B JIa3epHOM Qakere,
Y paHee U3JI0’KeHHYIO0 TeXHOJIOTHIO [I01y4eHU s Kepa-
MHK. Ha puc.9 mpuBefeHbl CIeKTPbl IIPOIIYCKAHUS
Tpex 00pasloB KepaMHUK Ha ocHoBe Tb,0; c mobaB-
KaMmu ZrO, u Y,0;, Kak u B pabore [29]. TonmmuHa
06paswoB 6s11a 1 MM, a AuaMeTp 11 MM. B HUX copmep-
sKaHHe Iop coctasisio 0,12; 0,28 u 0,45 ppm, 4TO
obyciaBnMBano mpo3pavHoOCTh 82,5%; 81,8% u 81,5%,
COOTBETCTBeHHO. M3MepeHUs KoddpdunreHta Beproe
IIOKa3aJ/Ik, YTO ero 3HavyeHuUe cocTaBiasio 113,4; 119,8
1 120,8 pag M- Tin! B opsiiKe yBeMMYeHU S IIPO3pad-
HOCTH, 4YTO B TPH pa3a IIPeBOCXOAUT 3TOT IIapaMeTp
B H30/14TOpe Papasiess HA OCHOBe KOMMepUYeCcKOro Tep-
6U-TaITNeBOro rpaHarTa.

3AKJ/TIOMEHUE
Hcrionb30BaHHEe HAHOIIOPOILIKOB, CUHTEe3HUPOBAHHBIX
B JIa3epHOM ¢aKesie, [Jis IIPUTOTOB/IEHU S BBICOKOIIPO-
3pauHBIX KePaMHUK I103BOJISIET IIOBBICUTH ITOpOT 06pa3o-
BaHUS "aIleJIbCHHOBOIM KOPKHU'. 9TO OTKPBIBAET OPOTY
K IIPUMEHEHHIO CeCKBUOKCHU[OB C CHJIBHO PasyIiops-
JOUeHHOM KPUCTAINYECKON CTPYKTYpOI B KauecTBe
aKTUBHBIX 3JIeMEeHTOB TBePIOTEe/IbHBIX JIa3€pOB U Mar-
HUTOAKTHBHBIX 3JIeMEHTOB. B 4acTHOCTH, TaKoH IIOA-
X0/l II03BOJIMJI IIOJIYYMTh CIeAyIolee:
1. B obpasumax Ha ocHoBe Y,0;, LJOIHUPOBAHHBIX
Yb,0; u Z1r0,, nubdepeHnuanbHas 3¢deKTUB-
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the development of "parasitic” generation, the width
of the cladding was determined from the equation

oh>glL, )

from where it follows that for a cladding with the
smallest a, the cladding width h should be greater
than 2 mm with gain factor g = 0.45 cm™ and length
l=11mm.

DIFFUSION WELDING OF LASER CERAMICS

It is difficult to create nonporous, highly transparent
ceramics with a thickness of more than 5 mm at
a reasonable sintering time. Therefore, in order to
synthesize thicker samples used in high-power
lasers, various methods of diffusion welding have
been developed. The experiments in this direction
are relatively few [18]. The essence of them is reduced
to the need to remove the boundaries between the
welded blanks in the process of further sintering due
to the recrystallization of grains. This approach differs
favorably from planting into optical contact, when the
boundaries between the samples in the form of pores
still remain, no matter how thoroughly the contact
samples are polished [18]. For these purposes, we have
developed a fairly simple method of two-stage welding
of laser ceramics [26]. At the first stage, two samples
(Fig. 8) with a flatness of A/20 and a roughness of 50
nm were subjected to hot pressing at a temperature
of 1440 °C for 2 hours at a pressure of 30 MPa. In the
second stage, they were calcinated at a temperature of
1780 °C for 20 hours. Two samples of Nd: YAG ceramics
with a diameter of 11 mm, a thickness of ~1.8 mm and
a transparency of 82.3% and 82.0% were used in the
experiments, which corresponded to o; = 0.1080 cm;
and a, = 0.1296 cm'L.

Fig. 8 shows images of Nd: YAG ceramics before
and after two-stage diffusion welding (Fig. 8a, b) and
the microstructure of the interface after the first and
second stages (Fig. 8c, d). It can be seen that after the
welding, the borders have disappeared. The average
size of the crystallites due to recrystallization increased
from 48 pm to 52 pm. The transparency decreased to
81.4% due to the increase in the thickness of the welded
sample. Furthermore, the porosity decreased from 31.5
ppm to 27 ppm and the absorption coefficient to 0.0985
cm due to the increase in the sintering duration.

MAGNETOACTIVE CERAMICS

Those ceramics are important for creating devices
based on the Faraday effect: optical switches, mirrors,
insulators, laser gyroscopes. Magneto-optical glasses
or single crystals are manufactured using Ce, Pr, Dy
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HOCTb TeHepaluK H3JIyYeHUS MOXKET IIPeBhI-
maTk 50%, a MoJjioca IJIAaBHOW IepecTPOMKU
YaCTOTHI U3JIyYeHHU ST MOKET JOCTUTaTh 100 HM.

2. CMHTe3MpoOBaHAa MarHMTOAKTHBHas Kepa-
MHUKa Ha ocHoBe Tb,0;, momupoBaHHas
Y,0; u Zr0,, c comepkaHuem mop ~0,1 ppm
M Haubosjbllell Ha JaHHBIM MOMEHT IIPO-
3padHoOCTbhIO 82,5% U Kos3dpduIMeHTOM Beppe
120,8 pamg M- Tn'l, uto 6osee ueM B TpU pasa
IpeBbIIaeT AHAJOTHYHBIA IIapaMeTp KOM-
Mep4yeCcKUX o06pa3noB TepbUH-TANIHEBOIO
rpaHata 6e3 HCII0OJIB30BAaHUS TOpPS4Yero H30-
CTaTUYeCKOTO IIPpecCcoBaHUs.

3. IlpuroToBaeHH  BBICOKOHpO3pauHbie YAG
o6pasmbl 6e3 MCIOAB30BAHHS CIIeKAIOI[HX
no6aBOK, MPO3PAavyHOCTh U 3OPeKTUBHOCTH
reHepalMu B KOTOPOM OJHAKO YCTyIIaeT TeM,
YTO peanu3ylTcsa Ipu JonupoBaHuu TEOS.

4. PaszpaboTaHa MeTOAMKA IMPUTOTOBJIEHUS KOM-
MIO3UTHBIX (KIaALUHIOBBIX) 00pa3ioB U AU~
dy3HOHHOM CBapKH 6e3 IoTepHu NPO3pauHOCTH
MCXOAHBIX JUCKOB.

Paboma 8binoAHeHa 8 pamkax memel 20cydapcmeeHH020
3adanus Ne 0389-2016-002 (2018-2020) u npu noddepskke
npoexkma YpO PAH Ne 18-10-2-38.
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or Tb oxides, with terbium oxide being the best of
them [27]. At present, terbium-gallium garnet with the
Verdet coefficient characterizing the angle of rotation
of the polarization plane of radiation, up to 40 rad -
m™ - T1, has the greatest application for these purposes.
Recently (28], it was possible to grow a Tb,0; single
crystal and to measure the characteristics of a sample
with dimensions of 5x5x1 mm?3. The transparency of
this single crystal was 77%, and the Verdet coefficient
134 rad + rad - m! - T. In the last decade, works on the
creation of magneto-optical ceramics are being carried
out actively. Here, the difficulties of creating Tb,0;
ceramics are due to the presence of 4 phases within the
reach of temperatures, each phase containing different
amounts of oxygen. Thus, there are 16 modifications of
terbium oxide, and only one needs to be realized.

These difficulties were overcome by "imposing” the
cubic phase by adding Y,0; and using hot pressing [29],
as well as adding ZrO, and hot isostatic pressing [30].
In the latter case, the best results were achieved,
in particular, for (Tb,.Y,4),0; and Tb,0; with ZrO,
additive, the transparency was 81.10% and 81.35%,
respectively, and in the latter case the highest Verdet
coefficient 154 rad - m?! - TL. It was shown that the
Verdet coefficient is proportional to the content of Tb in
the composition of ceramics.
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We have investigated the possibility of obtaining
highly transparent ceramics based on Tb,0,
without the use of hot pressing and hot isostatic
pressing, using nanopowders synthesized in a laser
plume, and the previously described technology
for the production of ceramics. Fig. 9 shows the
transmission spectra of three samples of ceramics
based on Tb,0; with additions of ZrO, and Y,0;, as
in [29]. The thickness of the samples was 1 mm, and
the diameter was 11 mm. Their pore content was 0.12,
0.28 and 0.45 ppm, which caused the transparency of
82.5, 81.8 and 81.5%, respectively. Measurements of
the Verdet coefficient showed that its value was 113.4,
119.8 and 120.8 rad - m* - T' in the order of increasing
transparency, which is three times higher than
this parameter in the Faraday isolator based on
commercial terbium-gallium garnet.

CONCLUSION

Thus, the use of nanopowders synthesized in a laser

plume for the preparation of highly transparent

ceramics makes it possible to increase the threshold
for the formation of an "orange peel’. This opens
the road to the use of sesquioxides with highly
disordered crystalline structure as active elements
of solid-state lasers and magnetoactive elements.

In particular, this approach allowed to obtain the

following:

1. In samples based on Y,0, doped with Yb,0; and
Zr0,, the differential efficiency of radiation
generation can exceed 50%, and the band for
smooth tuning of the radiation frequency can
reach 100 nm;

2. Magnetoactive ceramics based on Tb,0; doped
with Y,0; and ZrO, were synthesized, with a pore
content of ~0.1 ppm and the greatest transparency
at the time of 82.5% and Verdet coefficient of 120.8
rad - m?!- T1, which is three times more than the
analogous parameter of commercial samples of
terbium-gallium garnet without the use of hot
isostatic pressing;

3. Highly transparent YAG samples are prepared
without the use of sintering additives, where the
transparency and generation efficiency, however,
is inferior to those realized when doping TEOS;

4. A method for preparation of composite (cladding)
samples and diffusion welding without loss
of transparency of the original discs has been
developed.

The research was carried out within the framework of the theme
of state task No. 0389-2016-002 (2018-2020) and with the support
of the project by UB of RAS No. 18-10-2-38.
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AJIMA3HBIM 3HAK KAYECTBA

bonblias A0 anmasos (0kono 80%), A06bIBAEMbIX B MUDE, MAET Ha C03Aa-
HIe TeXHO/IOrMYeCKMX MHCTPYMEHTOB W ApYrie TEXHUYeCKUe HKAbI. TONbKO
ocTasLumecs 20% UMEIOT I0BENMPHOE KA4eCTBO, U WX LieHa CUIbHO NPEeBOCXo-
[T LieHy TEXHUYeCKUX a/IMa3oB. LieHa BapbupyeTcs B 3aBUCMMOCTH OT Beca
1 KayecTBa AparoLeHHOro KamHs. Mo3tomy paspaboTka HepaspyLuaowmnx
1 HEBUANMbIX [/ HEBOOPYXXEHHOTO [71a3a METOZ0B MapKMPOBKM a/IMa30B
04eHb BOXHA AN1S1 COBPEMEHHOI K0BENPHON MHAYCTPUN.

B nabopatopuu ra3oBbix nazepos ®MAH pa3pabotaHbl MeToAbl NpeLy-
3UOHHON MUKPOMACLUTAOHON MApPKMPOBKM MCKYCCTBEHHDBIX 1 €CTECTBEHHDIX
Q7IMA30B C NOMOLLLIO M3My4eHUst GeMTOCeKYHAHOrO Nasepa

M3nyyenne co3faeT NOKabHO B KPUCTAJUIE MOBLILEHHYIO KOHLEHTpa-
Mo BakaHcui (B peleTke anMasa obpasyloTca AedekTbl B BUAE OTCYT-
CTBIS AaTOMOB yrepoa). MOTOM 3TV BakaHCMM MOTYT CBA3LIBATLCA C MpU-
MeCHbIMM aToMamm a3oTa (06bI4HO a30T MpUCYTCTBYET B 06bEMe aMasa
B 3HAUUTE/IbHBIX KOHLIEHTpauMaX) 1 06pa3oBbiBaTh NV-LEHTpbI (nitrogen-
vacancy center) - fedeKTbl, WUCMONb3yeMble AN MApKMpOBKM a/Ma3a.
Mpyu 06nyyeHnn BUAUMLIM CBETOM NV-LIeHTPbI HAYMHAKOT XapakTepHo dayo-
PecLMpoBaTh, a NpUOXeHe BHelwHero CBY-nons cnocobHo elwe 1 MeHATb
WHTEHCUBHOCTb 3TOM  dyopecuieHumu. Pabota nmonyumna  noaaepxKky
oT KoMnaHun 000 "HoBble 3HepreTuyeckue TexHONorMK', KOTopas nnaHu-
pYeT BHeAPUTb pe3ynbTarbl UCCIef0BaTeNbCKOrO MPOEKTA B MPAKTUKY.

OeMTOCEKYHAHOE 1a3epHOE U3My4eHIe MOXHO (OKYCMPOBATL HA PasHbIX
ry6UHAX BHYTPW NPO3PayHLIX MATEpUanoB, a NOTOMY Takas TEXHONOrMS
MO3BO/ISIET CO3AATb YHUKAIbHYIO TPEXMEPHYIO MapKupoBKy. MOHOKpucTa-
JNYeCKUn ANMA3 I0BENIMPHOTO Ka4ecTBa ANs NCCNe0BaHMIA NPefoCTaBuna
komnanms "HIMO "Kpuctann" n3 CmoneHcka, kotopast Beget paboTbl No Tex-
HWYeCKOMY NEePeBOOPYXEHI0 NPEANPUSTUS 415 BbiNyCka 60/ee BbICOKOTeX-
HONOTMYHOW I0BENNPHOI NPOAYKLMU.

[To mamepuanam 3amemxku M. [empoea,
AHW "OUAH-undopm", fian-inform.ru



