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Jlasepbl 061a8a10T BICOKUM MOTEHLUANIOM
MCNoJIb30BaHUS B KOCMUYECKOM TeXHUKe. B cTaTbe
o60cHOBaHbl Tpe60BaHUS U NpeasIoXeHbl N0AXO0Abl
K NOCTPOEHMI0O KOCMUYECKUX Jla3epoB As
JIOKAUMOHHbBIX U INAAPHbIX TPUMEHEHUN, Nepeaayn
3Hepruun, yaaneHus KoCMU4Yeckoro mycopa

C OKOJ103@MHbIX OP6UT, YCKOPEHUS KOCMUYECKUX
annapartos. [poaeMOHCTPUPOBaHbI OCTMXXEHUS

B 06/1aCTU TBEpAOTE/IbHbIX J1Ia3epOB BbICOKOM IPKOCTHU
Ha ocHoBe 3¢ PekTa 06paLleHns BOITHOBOro ppoHTa
(OB®) 1 060CcHOBaHbI BO3MOXHOCTM UX MPUMEHEHMS
B KOCMMY€ECKOW TEXHUKE.

BBEAEHWUE

Y>Ke cerofHs OIBIT IIPMMeHeHHs JIa3epoB B KOCMOCe
OXBaThIBaeT IIMPOKHI KPYT 3afad: JIa3epHble CKaHHU-
pyIoIlHe YCTPOMCTBA HCIIOAB3YyIOTCS IIPU CTHIKOBKE
KocMHuecKkuX amnmaparoB (KA) [1-3], kocmHuuecKue
JHAaphl OCYLIECTBISIOT JUCTaHIIMOHHOE 30HIHPOBa-
Hue 3eMJIH U APyrux HebecHBIX Ten [4-7], oKomo3eM-
HBIM KOCMOC KOHTPOJIKPYETCS C [IOMOIIBIO JIa3ePHBIX
JIOKaTOpOB [8-10], peanu3yroTCs BBHICOKOCKOPOCTHEIE
KOCMHYeCcKHe JIMHUU JIa3epPHOH cBsi3H (11, 12].

JlasepHas ammaparypa s pellleHUs 3THX 3afay
IIpe/iCTaB/IsIeT cObOM YacThb caykebHOM Harpysku KA,
MMeeT OTHOCHUTeJbHO HH3KHe MacCoBble U Tabapurt-
Hble XapaKTepPHUCTHKH, IOTpebnsieT B CpefHeM He
6oree 100-150 BT B aKTHBHOM pe>KHMe.

B mepcrnekTuBe (13, 14] ma3epsl BocTpebOBaHBI I
yAaleHHus KOCMHYeCKOro Mycopa M3 OKOJIO3eMHOIO
IIPOCTPaHCTBa [15-17], HUCTAaHIIMOHHOIO SHEProcHab-
skeHUs1 KA [18, 19], mIpoTHBOACTEPOM/IHOM 3aIIHTHI
3emnu [20], a Tak>Ke yckopeHus KA [21, 22] nst meskop-
6UTa/NbHBIX II0JI€TOB B OKOJ03€MHOM IIPOCTPAaHCTBe
Y II0JIeTOB B JAJbHHUI KOCMOC. JIasepHble CHUCTeMBI
(puc.1) Ayist 5TUX NPUMeHeHU I TpebyIoT obecrieueHU s
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The lasers possess a high potential for space
technology application. The article substantiates
the main requirements as well as suggests
approaches to the construction of spaceborne
lasers for location and lidar applications, energy
transfer, space debris removal from near-earth
orbits, and acceleration of space vehicles. The
achievements in the field of high brightness solid-
state lasers based on the phase conjugation effect
are demonstrated, and the feasibility of their
application in space technology is substantiated.

INTRODUCTION

Even today, the experience of using lasers in
space covers a wide range of tasks: laser scanning
devices are used for docking space vehicles [1-3],
spaceborne lidars carry out remote sensing of
the Earth and other celestial bodies [4-7], near-
Earth space is controlled by laser locators [8-10],
high-speed space laser links are implemented [11,
12].

Laser equipment for solving these problems
is a part of the service load of the space vehicles
with relatively low mass and dimensional
characteristics, it consumes, on average, no more
than 100-150 W in the active mode.

In the long term [13, 14], the lasers are in
demand to remove space debris from near-Earth
space [15-17], remote power supply of space
vehicles [18, 19], anti-asteroid protection of the
Earth [20], as well as acceleration of space vehicles
[21, 22] for interorbital flights in near-Earth space
and flights to the outer space. Laser systems (Fig.
1) for these applications require power supply with
a power of more than 100 kW and, in many ways,
determine the shape of the carrier vehicle.
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IIUTAHUS MOIIHOCTBHIO CBhINIe 100 KBT U BIUSIOT Ha
061Kk KA-HocuTeIs.

Pa3sHoobpasue 3a7a4y U IMIHUPOKHUI JHAIIA30H Tpe-
O0BaHUM K XapaKTePUCTHUKAM H3/1y4YeHUs BbI3bIBAIOT
camble pasHble IIpemIokeHUs [23] 110 BO3MOXKHBIM
TUIIAaM JIa3€poB [ KOCMHUYECKHUX IIPUMeHeHUH:
OT CBEPXMOIIIHBIX HeIIPpepPBIBHBIX XMMHUYECKUX J1a3e-
poB [15, 24] mo 6oee KOMIIAKTHBIX BOJIOKOHHBIX [17]
U TBepJOTe/IbHBIX [25] 1a3epoB.

B HaCTOAIEH cTaThe Ha 6a3e CUCTeMHOI0 MeToma
laHa OLleHKA POJIM M MeCTa JIa3epPOB B COBPeMeH-
HOM KOCMHYeCKOM TexHHKe, 060CHOBaHBI TpeboBa-
HUS U BIpabOTaHBI ITOAXOBI K IIOCTPOEHHIO J1a3€POB
OIS psifia KOCMHYeCKHX 3ajad, a Takke IpelCTaB-
JeHbl Pe3yabTaThl HCCAeJOBAHUH TBepAOTENb-
HBIX JIa3epOB BBICOKOH SIPKOCTH C MCIIOJIb30BAHHEM
3ddexTa obpamenus BonHoBoro ¢pponta (OBD), KoTo-
pble, IO MHEHHIO aBTOPOB, IIPEACTABISIOT MPAKTH-
YeCKHUI HHTepecC AJs IIPUMEeHeHMHs B KOCMHYeCKOM
IIPOCTPaHCTBe.

TPEBOBAHUSA K IASEPAM

AN KOCMUYECKNX 3AAAN

[lepcriekTHBa MacHITabHOrO IPUMEHEHHUS J1a3epoB
B KOCMOCe CBSI3aHa C TeM, YTO MMeHHO B 3TOH cpefie
y3KOHAIIpaB/IeHHas Iepefada Heprud U HHPopMa-
LUK Ha OO/MbIIHe PAcCTOSHHUS II0 JIa3ePHOMY JIy4y
HaMMeHee IIOJBep)keHa OrpPAaHHUYEHHUSIM OQu3HUe-
CKOro xapakrtepa. IlosTomy saseprl 6ynyT Hauboiee
BOCTpeboBaHBI B pellleHU U I0f06HBIX 3a/1a4.

C OfHOM CTOPOHBI, B KOCMOCE OTCYTCTBYeT BO3MY-
maoliee JeHCTBHe ONTHYeCKHX HeOJHOPOILHOCTEL
atMocdeprl. JTO M03BOJsSeT MNPU AUCTAHLMOHHOMU
GOKYCHPOBKe M3Ty4eHUs IPUONIHU3UTHCS K OTPaHU-
YeHHUSIM, BBI3BAHHBIM AUQPAKIIMOHHBIM IIpe/ie/IoM.
KpomMe TOro, OTCYTCTBYeT IIOIJIOIIEHME H3/IYYeHHS
I10 KOCMHYeCKOH Tpacce.

C Apyrok CTOPOHBI, [/1s1 KOCMHUYeCKHUX 33/1a4 Heob-
XOOKMMBI JIa3epHble HMCTOYHHKH BBICOKOM SPKOCTH.
[IpUYMHA B TOM, YTO IJIOTHOCTh SHEPIUH U3/Ty4YeHHUS,
IOCTaBIsIeMOH [0 30HAUpPyeMoro ob6bekTa (06bEMAa),
0b6paTHO IMPOIOPLIMOHAIbHA BTOPOM CTeIleHH BeJIH-
YHMHBI JaJIBHOCTH:

ED=(4E,)/(n0*L?),
0=M2-1,06-\/d,,

roe ED - IUIOTHOCTH 3Hepruu [[K/M?] U3nydeHHUS
Ha MHIIeHH, E, - 3Heprus umiyibca, L - AHCTaH-
1M 00 obbeKTa JOKAIUH, O — pacXOIMMOCTh Jia3ep-
HOT'0 U3J/Iy4eHH s I10 [10JIOBUHHOMY YPOBHIO SHEPIUH,
M? - mapaMeTp ONTHYECKOr0 KadeCTBA H3JIyUeHHS,
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Fig. 1. Structure of the space vehicle with the on-board laser
system

A variety of problems and a wide range of
requirements for radiation characteristics cause a
variety of designs [23] of possible types of lasers for
space applications: from high-power continuous
chemical lasers [15, 24] to more compact fiber [17] and
solid-state [25] lasers.

In this article, based on the system method, the
role and place of lasers in modern space technology
are evaluated, the requirements and approaches
to the construction of lasers for a number of space
applications are justified, and the results of studies
of high brightness solid-state phase-conjugate lasers
which, in the opinion of the authors, are of practical
interest for application in outer space, are given.

LASER REQUIREMENTS FOR SPACE
APPLICATIONS

The potential of a large-scale application of lasers in
space is due to the fact that it is in this medium that
the narrowly directed transmission of energy and
information over long distances along the laser beam
is the least exposed to physical limitations. Therefore,
lasers will be most in demand in solving similar
problems.

On the one hand, there is no disturbing effect of
the optical inhomogeneities of the atmosphere in
space. This makes it possible, with distance focusing
of the radiation, to approach the limitations caused
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A\ - InuHA BONHEI N1a3epa, d, - JUaMeTp IepeJaollero
TeJIeCKOIla C 3al10/IHEHHOM aIllepTypoH.

B 3amavax JIOKAI[MU MaJbIX yAAJeHHBIX 06beKTOB
sHeprusi E, paccesHHOro o6beKTOM JIOKAI[UU H3/Tyde-
HHS, PerHCTPHPYyeMOro MpHeMHOM CHCTeMOM JIasep-
HOTO JIOKaTopa, 06paTHO IIPOIOPIIMOHAIbHA JabHOCTH
B UeTBepTOL CTeMeHH:

Er=(EP’A'Seff'd%)/(ZT['GZ'L4),

rme A - anpbeo 06BEKTA JIOKALMH, Sy ~ 3P EKTHB-
HOe CeyeHHe OTpaKeHHUs], d, - JHaMeTp IIpHeMHOM
amepTypsl.

TakuM obpasom, Ha bonpmux paccTosiHUAX (100 KM
u Oormee) oCHOBHBIM TpeboBaHMEM K Ja3epaMm IJis
paboTsl B KocMoce sIBIsieTCsl obecrieueHHe OLHOBpe-
MEHHO BBICOKOI SHEpruy M MHUHHMAJIBHO BO3MOSKHO
PaCXOIMMOCTH JIa3epHOro Iyuka. MHBIMHU C/IOBaMH,
Heob6X0MBl MCTOUHHKU JIA3€PHOTO H3/Ty4YeHHUs BbICO-
KOH SIPKOCTH [23]. B 3aBHCHMOCTH OT 3afla4d IIpefb-
SIBJISIIOT TPebOBaHHUSI K SHEPreTHUYeCKUM, BPeMeHHBIM,
IIPOCTPAHCTBEHHBIM H CIIEKTPAJIBHBIM IIapaMeTpam
KOCMHYeCKOro jla3epa.

JIA3EPDI AN KOCMUYECKUX TUOAPOB
JlasepHble IOKAIIMOHHbIE 1 TUAAPHbIE CUCTEMBI I POKO
HCIIONB3yI0TCA [14] Ha 3eMile U B KOCMoce, Ie, KaK Ipa-
BHJIO, IIPUMEHSIIOT Jla3epHble MCTOYHHUKU [4, 6-8, 25]
¢ 3Hepruen umimymnbca 0,1-10 [k, gyuTensHocThO 0,1-10
HC, YacTOToM ciemoBaHus 1-100 T, IMHMKOBOM MOIIHO-
CTBIO CBhIIIEe 1 MBT M OIITHYECKHUM KadeCTBOM H3/1y4e-
Husg M2~1,1-1,5.

Jla3epbl An4 nepepavm sHeprum B Kocmoce
[Tomasnsitoniee OONBIIMHCTBO HAyYHBIX Pe3y/IbTATOB
B 00/1acTH [OHUCTAaHLMOHHOM Ilepeflaud 3JeKTpHUUe-
CKOIM SHEepruy C IOMOIIBI0 HaIlpaBJeHHOIO 3/1eKTPO-
MarHUTHOIO H3/Iy4eHHMs OTHOCUTCS K IpobremMam
co3gaHMsl OONBIIMX KOCMHYECKHUX COTHEYHBIX 3JIeK-
TpoctaHum (KCIC) [26], mpeobpasymomux conHed-
HYI0O SHEPrHUI0 B 3JIeKTPHUYECKYIO0 C IOC/IeAYIOIIeH ee
JOCTaBKOM Ha 3eMJII0 IIOCPeJCTBOM JIa3epHOr0 HJIHU
CBY-u3yueHUs.

Ha TeKyIyH MOMEHT OLIeHKH KaIlUTa/IBHBIX U OIle-
PaLIMOHHBIX 3aTpart co3faHus KCOC ¢ COOTBETCTBYOLIEH
Ha3eMHOH MHQPACTPYKTYPOH He IO03BOISIOT TOBOPUTH
0 KaKOH-TH60 CTOMMOCTH KH/IOBATT-4aCa, [101y4YeHHOI0
TaKUM 06pasom Ha 3emiie. B To >ke BpeMs caMa Tex-
Honorusi KCIC sBisleTcs BIIOJTHE KOHKYPEHTOCIIO0C06-
HOM JI/I5 CO3[,aHMUSI TSDKeIOM KOCMHUYeCKOM I1aTGOpMBbL
SHEProBOOPY>KEHHOCTBIO B JECATKU M COTHU KHJIOBATT.
A B COYETAaHUM C MOILIHOM JIa3€PHOL CUCTEMOI BBICOKOH
SIPKOCTH 3T TeXHOJIOTHS ITOAXOAMUT [Jis JUCTAHIIMOH-
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by the diffraction limit. Furthermore, there is no
absorption of radiation along the space path.

On the other hand, high brightness laser sources
are needed for space applications. The reason is that
the energy density of radiation delivered to the probed
object (scope) is inversely proportional to the second
power of the range value:

ED=(4E,)/(n0*L?),
0=M2-1,06-\/d,,

where ED is the energy density [J/m?] of the radiation
on the target, E, is the energy of the pulse, L is the
distance to the object of detection, 6 is the divergence
of the laser radiation at half the energy level, M? is
the parameter of the optical quality of the radiation,
A is the laser wavelength, d, is the diameter of
transmitting telescope with filled aperture.

In the problems of locating small remote objects,
the energy E, of the radiation scattered by the object
detected by the receiving laser locator system is
inversely proportional to the range in the fourth
power:

ErZ(Ep‘A‘Seff‘d%)/(21'[’62']_.4),

where, A is the albedo of the detection object, S, is
the effective reflection cross-section, and d, is the
diameter of the receiving aperture.

Thus, at long distances (over 100 km), the main
requirement for lasers for space applications is to
provide simultaneously high energy and the minimum
possible divergence of the laser beam. In other words,
the high brightness sources of laser radiation are
needed [23]. Depending on the task, the requirements
are imposed on the energy, time, spatial and spectral
parameters of the space laser.

LASERS FOR SPACEBORNE LIDARS

Laser location and lidar systems are widely used [14]
on the Earth and in space, where laser sources are
usually used [4, 6-8, 25] with a pulse energy of 0.1-10 J,
duration 0.1-10 ns, repetition frequency 1-100 Hz, peak
power over 1 MW and optical quality of radiation M? ~
1.1-1.5.

Lasers for energy transmission in space

The vast majority of scientific results in the field of
remote transmission of electric energy by means of
directed electromagnetic radiation are related to the
problems of creating large space solar power plants
(SSPP) [26], transforming solar energy into electrical
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HOT'0 SHEeProcHabkKeHU I IePCIIeKTUBHBIX KOCMHUYECKUX
noTpebUTeNer.

I 3THX KOCMHYeCKHX 3334 PalMOHAJIBHO
HCIIO/Ib30BaTh HeIIpPepbIBHbIE TBepHOTeNbHBIe, B T.d.
BOJIOKOHHBIE U IIOJIYIIPOBOSHUKOBEIE, JIa3ephl, obecre-
YHBalolye IIpuemMieMyto 3¢pdeKTHBHOCTb BCell SHepre-
THYeCKOH Lieru [18, 19].

Jlasepbl Ana yaaneHnUsa KOCMMYecKoro mycopa

M yckopeHus KA

HeyK/IOHHBIFI POCT KOIHYeCTBA 0OBEKTOB, KIACCHPU-
LIMPyeMBIX KaK KoCMHYecKUH Mycop (KM), B yc/IOBUSX
Bce DoJlee MHTEHCHBHOTO OCBOEHMSI OKOJI03€MHOI'0 KOC-
MOCa ysKe CEerofHs CTajl KpUTHYeCKUM. OH yrposkaer
6e3omacHOCTH M 3)PeKTHBHOCTH KOCMHUYECKHX IIofe-
TOB [27].

IlepcrieKTUBHBIM H €IBa JIKM He eJUHCTBeHHBIM
peasbHBIM MEeTO[OM MAaCIITA6HOro ymaseHus MeIKOro
KOCMHYeCKOT0 Mycopa € OKOJI03eMHBIX OpPOHT SIB/ISIeTCS
OHCTAaHLIKOHHOE BO3JeHncTBHe Ha KM ja3epHBIM H3JTy-
YeHHeM B ab/ISI[MOHHOM pPeXXHMe. B pesyssTaTe TaKoro
BO3IENCTBUS 00beKTy KM IpHaeTcs peaKTHBHBII
HMIIYJbC, KOPPeKTHUPYIOUIHUI ero TPaeKTOPHUIO [BH-
SKEHUSL C LIe/IbI0 IIpeIOTBpAleHUsI CTOIKHOBeHUH KM
C medCTByIOIIUMH KA 1 Meskay cobori. OH TaksKe yBO-
out KM nnbo Ha opbHUTHL 3aXOpOHeHHsI, K60 - CITycKa

i1

energy and its subsequent delivery to the Earth by
means of laser or microwave radiation.

At the current moment, the estimates of the
capital and operating costs of creating SSPPs with the
corresponding ground infrastructure did not allowe
us to talk about how a reasonable cost of kW-h thus
obtained on the Earth. At the same time, the SSPP
technology is quite competitive for the creation of a
heavy space platform with an energy capacity of tens
and hundreds of kilowatts, and in combination with
a powerful high brightness laser system - for remote
power supply to potential spaceborne consumers.

For these space applications, it is rational to use
continuous solid-state lasers, including fiber and
semiconductor ones, that provide an acceptable
efficiency of the entire energy circuit (18, 19].

Lasers for removing space debris and space
vehicles acceleration
Steady growth in the number of objects classified
as space debris (SD), in conditions of increasingly
intensive development of near-Earth space, has
already become critical today. It threatens the safety
and efficiency of space flights. [27]

A farreaching and perhaps the only real method
for large-scale removal of small debris from near-
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B IUIOTHBIE CJIOM 3€MHOI aTMoChephI C MOC/IeyINM
CropaHHeM.

[IpenBapUTe/ibHBIe OLIEHKH pa3sMelleHHs jasepa
CO CpefHeM MOIIHOCTBIO B 25 KBT Ha KOCMHYECKOHU
miaTpopMe IOKA3BIBAIOT IIPHEMJ/IEMYIO Pe3yIbTaTHB-
HOCTh OUMCTKH HU3KHUX OKOJIO3eMHBIX OpPOUT OT Me-
KOro KOCMHYeCKOro Mycopa. JlasepHas cHCTeMa C IJIH-
HOM BOJHBI 1 MKM, SHepruei B ummnynbce 500 JIK,
IJIUTEeBHOCTBIO UMITYJIbca 1078 ¢, mepeparomum Tere-
CKOIIOM AraMeTpoM 1,5 M B pe3ysbTaTe OLHOKPATHOIO
abJIAIIMOHHOr0 BO3IeMcTBU A Ha KM 1IN Te/IsHOCThIO 10
C IIpHY YacToTe CJIeJOBAaHHA MUMIIYIbCOB 50 I' obecrie-
YUT 3aMe]ieHHe MenKoro KM ¢ rabapuTHO-MaccOBBIM
cooTHoImeHueM ~10 cm2/r Ha AV~300 km/4. JIJIs1 TAKOTO
ke 3aMeyieHusa KM ¢ cooTHolIeHUeM ~1 cM2/T IoTpe-
byeTcst HECKOIBKO CEaHCOB BO3JEHCTBHS JIa3epHBIMU
HMMIIy/IbCAMH OBIIHM KOTHYeCTBOM ~5000.

TakuM 06pa3oM, st abISIIMOHHOIO BO3IEMCTBHS
Ha KOCMHYeCKHMM Mycop paccMarpuBaorcs (15, 16]
7a3epsl cpefHeN MOIIHOCTBIO CBBIIIe 25 KBT, reHepu-
pyoliyie UMIY/IbCHI C 3Hepruen 0,1-1,5 KK, ATHUTeNb-
HocThio 0,1-10 HC, yacToTOM ciemoBaHus 50-100 Iir,
IIHKOBOM MOIIHOCTBIO CBBIIIe 1 I'BT M ONTHUYECKUM
KayeCcTBOM H3JydeHUs M?~1,2-2,5,

JanpHelllllee IIOBBINIEHME SHEPrHUH B HMIIY/IbCe
OTKPBIBAaeT BO3MOXKHOCTH II0 abISAIIMOHHOMY 3aMes-
JIEHUIO OIACHBIX aCTEPOHIOB [19] c Lienpio MpefoTBpa-
[IEHUS KX CTOJIKHOBEHUS C 3eMJIeH, a Takyke abnsaiiu-
OHHOMY ycKopeHHI0 KA [21, 22] ¢ nenbio obecriedeHust
MesKOpPOUTAIPHOIO MaHEBPHUPOBAHK S B OKOJI03eMHOM
IIPOCTPAHCTBe U JAJIbHUX KOCMUYeCKHX I10JIeTOB.

TBepaoTesibHble 1a3epbl € obpalieHnemM
BOJIHOBOIo ppoHTa

JloCTH>KeHHe BBICOKOM SIPKOCTH H3/1ydeHHs jas3epa,
a 3HAYMUT BBICOKOM SHEPIrHH B HMIIY/IbCe IIPHU OTHO-
CHUTeJIPHO MAJIOM PacXOAHMOCTH, BO3MOXKHO IyTeM
obpamenus BonHoBoro ¢poHrta (OBP). B TeueHMe
[IOC/eAHUX [JeCSATH/IeTHH CYLIeCTBeHHO BO3POC/IO
pa3HooOpasye TBepAOTETbHBIX JIa3epOB Ha OCHOBE
s3dpdpexTa OBQP, 06MaJaAOMMUX YHHUKATBHBIM Habopom
3HepreTHYecKHX, BPeMeHHBIX, IPOCTPAHCTBEHHBIX
U CIeKTPaJbHBIX XapaKTePUCTHUK M3/y4yeHUs. Kiiio-
YeBBIM OTIMYKEM Jia3epoB ¢ OB® oT aHA/IOroB SBJIA-
eTcsl MOJNy4YeHHasi B pe3y/lbTaTe CaMOBO3JIEHCTBHS,
a He MCKYCCTBeHHO COOPMHPOBAHHAs IIPU IIOMOIIH
JOIIOJTHUTE/IPHBEIX OITHYeCKHX D3JIeMEHTOB CeJIeK-
LMl [POAOJIBHBIX M IIOMEePeYHBIX MOJ B COYETAHHU
C camoMopysiLuern A06poTHOCTH pe3oHaropa. CooT-
BETCTBYIOLIMI BBIMTPBIII B MACCOBBIX K rabapHUTHBIX
XapaKTepUCTHUKAX j1a3epoB ¢ OB® IoBhIIIAET IIPH-
BJIEKATEJIBHOCTh MX HCIIOJIb30BAHHS B KOCMHUYECKOM
IIPOCTPAHCTBe,
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Earth orbit is remote SD exposure to laser radiation
in the ablation regime. As a result of such an exposer,
the SD object is given a reactive pulse that corrects
its trajectory in order to prevent collisions of the SD
with the active space vehicle and with each other. It
also removes SD to either the burial orbit, or to dense
layers of the Earth’s atmosphere with subsequent
combustion.

Preliminary estimates of the laser accommodation
with an average power of 25 kW on a space platform
indicate an acceptable performance of removing small
debris from the low near-Earth orbits. A laser system
with a wavelength of ~ 1 pm, a pulse energy of 500J, a
pulse duration of 107 s, a transmitting telescope with
a diameter of 1.5 m, as a result of a single 10 s ablative
effect on SD with a pulse repetition rate of 50 Hz, will
decelerate small SD with the overall mass ratio ~ 10
cm?/g at AV ~ 300 km/h. For the same deceleration of
the SD with a ratio of ~ 1 cm?/g, several sessions of laser
pulses with a total amount of ~ 5000 are required.

; \/\/\

G(2)

An(z)

AKTUBHbIA 31EMEHT
Active medium

Puc.2. ®opmuposaHue OB®-3epkana npu YembipexsoAHo-
80M CMeLeHUU 8 akmugHoU cpede Ad3epa Ha pellemKax
nokasamensl NpeAoOMAeHUS U peliemKax Ko3guuueHma
yCUAeHUsI: 8 06AaCMu camonepece4eHust Ay4el Gopmupyemcs
06venMHoe nepuoduyeckoe pacnpedeeHue UHMeHCUBHocmu
usayyerus I(z), koappuuuedma ycuaeHus G(z) u nokazamens
noznouieHus An(z)

Fig. 2. Forming a phase-conjugate mirror with four-wave
mixing in an active laser medium on refractive index gratings
and gain factor gratings: a volume periodic distribution

of the radiation intensity I(z), the gain factor G(z) and the
absorption index An(z) is formed in the self-intersecting
region of the beams
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PacmpocTpaHeHHe U3/IyYeHHs B pe30HaTope jasepa
IIPH CaMoIlepecedyeHHH IYYKOB B aKTHBHOL HeJIHHeL-
HOM Cpefie TPeThero MopsaKa IIPUBOAUT K U3MeHeHHI0
ee ONTHYeCKUX CBOKCTB. B pe3ynsTaTe 4eThIPEXBOTHO-
BOTO CMeIIeHHUsI B OTBET Ha 06’beMHOe IIepPHOAHYIecKoe
pacIpesieieHye MHTEHCHBHOCTH HU3/y4eHUs B 06/1acTH
IepecedyeHUs: Tyder QOPMHUPYIOTCSl pelleTKH II0Ka3a-
TeJIsl IPeJIOMJIeHHS, II0Ka3aTesIs IIOIVIOIEHHs U K03¢-
duiyenTa ycreHus (puc.2). Judpakiiys Ha peleTkax
Ko3pPHUIIMeHTa YCHUIEHHS IIPHUBOAUT K SHeproobmMeHy
MeXKAY Iy4YKaMH, 4YTO II03BOJIsSeT CO3[aBaTh CaMOHa-
KaunBaromeecst OBP-3epkasio, moaaeps>kUBarollee I10j10-
SKHUTE/IbHYI0 0OPAaTHYIO CBSI3b.

Peanusanus s¢pdexta OBO myTeM CMellleHUs BOIH
B aKTHBHOM CpeJle MOXeT OCYILEeCTBIATbCS B JIIOOBIX
HeJIMHEMHBIX CpefaXx TpeTbero IMopsAKa. B cpemax
C BBICOKMM CedeHHeM IIOIVIOIIeHHS TeHepalus HU3Jy-
yeHus OB®-naszepa ¢opMupyeTcs 3a OTHOCHUTEIBHO
MaJIoe YKCJIO0 ITPOXOJ0B I10 Pe30HATOPY U OJIK3Ka II0 IIPo-
CTPaHCTBEHHBIM M CIEKTPaJIbHBIM XapaKTePUCTHKAM
K CIIOHTaHHOM JIOMHHECLIeHIIUH, TaK KaK HeJJ0CTaTou-
HOe YHC/IO LIMKJ/IOB IIepe3alldCH pelleTKU IIPUBOLUT
K HeIOCTATOYHOM CeleKUHK Mof. C APyror CTOPOHEL,
B Cpefax C HHU3KHMM Ce4eHHeM IIOIVIOIIeHMS M BBICO-
KUM II0OPOrOM TeHepalliu OyneT Bblille KO3QPUIIHEHT
yCUJIeHMSI, HeoOXOMUMBIH [JIs Pa3sBUTHSI TeHepalltH.

i1

Thus, lasers with an average power exceeding
25 kW, generating pulses with an energy of 0.1-1.5k], a
duration of 0.1-10 ns, a repetition frequency of 50-100
Hz, a peak power of more than 1 GW and an optical
quality of radiation M? ~ 1.2-2.5 are considered for
ablation exposure on space debris [15, 16].

A further increase in energy in the pulse opens
the possibility of ablation deceleration of dangerous
asteroids [19] in order to prevent their collision with
the Earth, as well as ablation acceleration of the
space vehicles [21, 22] in order to provide interorbital
maneuvering in the near-Earth space and long-range
space flights.

Solid-state phase-conjugate lasers

Achieving high brightness of laser radiation, and
therefore high energy in the pulse with a relatively
small divergence, is possible by phase conjugation.
During the last decades, the variety of solid-state
lasers based on the phase conjugation effect, which
has a unique set of energy, temporal, spatial and
spectral characteristics of radiation, has increased
significantly. The key difference between lasers with
phase conjugation from the analogs is the selection
of longitudinal and transverse modes resulting from
self-Q-switching of the resonator, obtained as a result
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ITpH AOCTAaTOYHO BBICOKOM SHEPrUM HaKa4KH BO3MOXKHO
IoJTy4eHHe TeHepalu 6e3 BRIXOZHOTO 3epKajia pe3oHa-
Topa OB®-n1asepa.

PaliOHaIbHBEIM pelIeHHeM SBJISeTCS HCII0Ib30-
BaHMe JOCTYIHON cpenpl: YAG:Nd3* ¢ oTHOCHTeIBHO
HH3KKM CeYyeHHeM IIOIVIOIeHUS IIPU ONHOBPeMEeH-
HOM IIOBBHIIIEHUH 3QeKTUBHOCTH pe30oHaTopa IIyTeM
yBe/IM4eHHs] KOJIHYecTBa CaMoIlepecedeHHH Jyd4el
B aKTHMBHOM CpeJle M 3aIlMCH JIOIIOJHUTE/IBHBIX pellle-
TOK Ko3dduiineHTa ycuaeHHs. CoBMecTHas paboTa
6OJIBIIOTO KOJIHMYECTBA PEIleTOK ITPHBOAUT K IIOBBIIIe-
HHI0 3¢pPeKTUBHOCTH OB U ynydllleHHIO [IapaMeTPoB
H3/TyYeHHUS.

B nasepax Ha ocHoBe 3¢pdexTa OBO ycTpaHeHHe
TPaJHMILIMOHHOIO IaJieHUsl KavyeCTBa H3/Iy4YeHHS I[IpU
yBeJIMYEeHHH 3HepreTHYeCKUX I1apaMeTpPoB He IIPOMC-
XOOMT, 6naro;[apﬂ pocty nudpaKkUHOHHON 3deKTHUB-
HOCTH pelleToK K03$PHUIeHTa YCHUIeHM S, IIPOIIOPLIKO-
Ha/IPHOM KOHTPACTy V pellleTKHU:

VZZ'(Il'Iz)O’S/(II+Iz),

rae I;, I, - MHTeHCHMBHOCTH 3aIMCHIBAIOIIMX PEeILIeTKY
Iy YKOB.

B [28] mpoBenieHO cpaBHEHME XapaKTEPUCTHK HU3My-
yeHUst YAG:Nd** OB®-1asepa ¢ JHOTHOM MYJIBTHKHIIO-
BaTTHOM HAaKa4KOM IIPH Pa3IMYHBIX KOHQHUIYPALHAX
IeT/ieBoro pesoHartopa (puc.3). Ilokas3aHo, YTO yBesH-
YeHHe KOJIMYeCTBa IIeTe/lb C JBYX [0 YeThIpex IIPUBO-
JUT K ABYKPAaTHOMY POCTY SHEPTHMK B HMMIIY/IbCE IIPU
PaBHBIX SHEPIUAX HaKayKHU 32 CYeT POCTa KOJMYecTBa
PelleToK U UX AUPPAKLIMOHHOM 3O GeKTHBHOCTH.

B co4eTaHHHU C KOMIIeHCallKeH HCKaKeHHH 3a cyeT
PaCIIPOCTpaHeHMsI U3/TyueHHUs C OOpaIleHHbIM BOJIHO-
BBIM GPOHTOM 3TO IIPUBOSUT K ITAPaOKCATBHOMY POCTY
KayecTBa M3jIy4eHUs IIPH IIOBBIIIEHHUM MOIIHOCTH.
Kpome Toro, AHaMHYeCKHe pelleTKH KOo3pPHUIleHTa
YCHJIEHU S TIPOU3BOIAT YIVIOBYIO CeJIEKLIMIO M3/TyUYeHHU,
YTO II03BOJIET II0YYaTh M3/1y4YeHHe C PACXOAMMOCTHIO,
6711M3KOM K JUPPaKIIMOHHOMY IIpefienly. Tak B peskrMe
CBOOOIHON TeHepallUH SHEepPrysi B Liyre HMIIYIbCOB
B 3aBUCHUMOCTH OT KOHQUIYPALIMH pe30HaTOpa AOCTH-
raja ypoHs 0,5-1,25 [I>X IpH ITapaMeTpe KavyecTBa
n3nyueHus: M?=1,15-1,5, mpuvem pocT SHEpPryH B IIyre
COITPOBOKAAJICS POCTOM OIITHYECKOI0 KayecTBa.

ITockonbKy OUPpakLHOHHAS 3PHeKTHBHOCTH
pemreTky Ko3bGHIMeHTa YCHIEHHS HAIIPIMYIO 3aBH-
CUT OT UHTEHCHBHOCTeH HHTepdepHpYIOLIUX IIYUKOB,
B OB®-nasepe BO3HHKaeT KOHKYPeHIMs IIPOAOJIBHBIX
MOJ,, IIPUBOASIIASL K eCTeCTBEHHOH CeJIeKLMH eIHH-
CTBEHHOM YacTOTHOM MOZBI. JTO IIO3BOJISIET IIOJY-
YaTb ONWUHOYHBIE MMIIYJIbCEl C IIMPHHOMU II0JOCHI
PaBHOH LIMPHHe OOHOM MoABI 350 MI'L IIpH HCII0/Ib30-
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of self-action, rather than artificially formed with the
help of additional optical elements. The corresponding
gain in the mass and dimensional characteristics of
phase-conjugated lasers enhances the attractiveness
of their use in outer space.

The propagation of radiation in a laser resonator
with self-intersecting beams in an active third-order
nonlinear medium leads to a change in its optical
properties. As a result of four-wave mixing, gratings
of the refractive index, the absorption index and the
gain factor are formed in response to the volume
periodic distribution of the radiation intensity
in the region of intersection of the beams (Fig. 2).
Diffraction on the gratings of the gain leads to an
energy exchange between the beams, which makes
it possible to create a self-pumping PC mirror that
supports positive feedback.

The effect of phase conjugation by mixing waves
in an active medium can be implemented in any
nonlinear medium of the third order. In the media
with a high absorption cross section, the generation of
the radiation from a PC laser is formed by a relatively
small number of passes through the resonator and
is close in spatial and spectral characteristics to
spontaneous luminescence, since an insufficient
number of cycles of the grating re-recording leads to
insufficient mode selection. On the other hand, in
the media with a low absorption cross section and a

l‘—-———l:_—_:z_____ —
a)
A\

b)

9]

Puc.3. Cxembl nemaesbix pesoHamopog OB®-aazepa: a) -

c dsyms; b) - c mpems,; c) - ¢ YembipbMms neMAIMU 06pamHoli
cesi3u

Fig.3. Circuits of loop resonators of the phase-conjugate
laser: a) - with two; b) with three; c) - with four feedback
loops
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BAaHUU I1eT/IEBOTO pe3oHaTopa (BMecTo 30 [T11 - MIKPHHBL
IIOJIOCBL MHOTOMOJIOBOM TIeHepallMM Jia3epa C pe30Ha-
TopoMm @abpu-Tlepo). IIpy 3TOM IIHPHHA IOIOCH FeHe-
pallMK Ilyra KMMIIY/JIbCOB OCTA€TCSl PAaBHOM IIHPHHE
II0JIOCHI TeHepaluH Jla3epa ¢ pe3oHaTopoM dPabpu-Ilepo,
TaK KaK yCHUJIEHHe Pa3IUYHbIX IIPOAOIbHEIX MO, KMeeT
C/Ty4aHHBIN XapaKTep, U JOMHUHHUPYIOLIAs YacToTa CIIy-
YyalHBIM 06pa3oM BbIOMpPaeTCsi B AHaIla30He II0/I0CHI
YCHIEHUS.

Hcrionp30BaHMe BBIXOSHOIO 3€pKajla B KayecTse
HMCTOYHHKA JOIOTHUTEIBPHON OOPAaTHOM CBSI3U IIpHU-
BOJUT K POCTy SHEPIMM B HMMILyJbCe, HO BMSET Ha
CIIeKTpa/bHBble CBOKCTBA, B 3TOM C/Iy4dae CeleKLHHU
IIPOJOJIBHBIX MOJ, He IIPOMCXOAHUT. KcIonbp3oBaHHe
JIOTIONTHUTE/IBHBIX BHYTPHUPE30HATOPHEBIX CEIEKTOPOB,
TaKUX KaK CTAllMOHApHAsi 6PIrroBCKasi pelleTKa HIIU
uHTeppepomerp CaHbiKa, MPUBOIUT K HOIOTHUTE b
HOH CeJIeKLIMH ITPOJIOJIBHBIX MOJI, YTO BeZIeT K IIOBbIIIIe-
HUIO0 3¢ PeKTUBHOCTH PelleToK.

ITockonbky B OB®-;ma3epe pasBUTHe HMIIYIbCa
U yCHJIeHHe 00paTHOM CBSI3K ITPOUCXOJSIT I10 Mepe POCTa
MHTEHCUBHOCTH BHYTPHUPE30HATOPHBIX IIyYKOB, IIPO-
HCXOAUT CAMOMOZYISIIIUS JOOPOTHOCTH, YTO IIPHUBOIUT
K COKpaleHHUIO JJIMTeJIbHOCTA HMIIy/IbCa H3JIy4YeHUs
€ 400-500 HC 70 200-300 HC K pOCTY IMKOBOM MOLIHOCTH
M3/TyUYeHHUS.

B cilyuae HeOCTATOUHOI CaMOMOZY/SLIMHU 0OPOT-
HOCTH Pe30HATOpa, BO3HHKAIOMIEH 3a c4deT 3dpdexTa
OB®, BO3MOXKHO MCIIO/Ib30BaTh IIACCMBHBIE HAChILIA-
IOIHecs IIOrIOTUTeNH. OHM II03BOJISIOT IIOBBIIIATH
[IMKOBYIO MOIIHOCTh I'€HEPUPYeMOIo H3JIy4YeHHs He
TOJIBKO 3a CUeT COOCTBEHHOM MOJY/SLIUK IIOpora reHe-
paLiyu, HO U 3a CYET BAMSHUSA Ha MHTEHCHUBHOCTb BHY-
TPUPE30HATOPBIX IYYKOB, 3aIIMCHIBAIONIMX PEIIeTKH
Ko3ppunMeHTa yCHIeHUs. Bapuanusa KodbouireHTa
Ha4a/IbHOTO IIPOITYCKaHMS 3aTBOPA I103BOJISieT MEHSATh
IIMKOBYIO MOIIHOCTb M 3HEPrHI0 B UMIIY/IbCe B IIpefe-
J1aX HEeCKOJIbKHX ITOPSIIKOB.

B [29] moka3aHoO, UTO MCIIONIb30BaHMe HaChIIIAOIIe-
rocst nornotutenss YAG:Cr** ¢ koapduiieHTOM IIpo-
nyckaHUs 5% B ynasepe YAG:Nd3* ¢ JHUOTHOM MyNBTH-
KHUJIOBAaTTHOM HAaKauyKOM M IIeTJIEBBIM Pe30HaTOpOM
[103BO/IeT IO/y4yaTh MMIIY/IbCHl C IMHMKOBOM MOIIHO-
cThio A0 30 MBT. Bapualiyisi Ha4yaJabHOIO ITPOITYCKa-
HUS 3aTBOpoB YAG : Cr'** u GSCG : Cr** B muamnasoHe 5-55%
I103BOJISIET U3MEHSTh IIMKOBYIO MOIIHOCTE B UMITYJIbCE
oT 250 kBT 1o 30 MBT mpu M3MeHeHUWH SHEePruu B Lyre
reHepalluu B Ipefenax 20% (puc.4). CTonb 3HAaUUTeNb-
HBIM JHMAaIla30H IMKOBOM MOIIHOCTH H3/1y4eHHsl II03BO-
TSIeT OCYLIeCTB/ISATh ONMHAKOBOe BO3MIEHCTBHe Ha pac-
CTOSSHMSAX, OTIMYAMIIKMXCSA Ha HECKOJbKO IIOPSAAKOB,
6e3 CyIeCTBEHHOrO H3MEHEHMS TeIUIOBOIO PeXHMa
paboTsI 1a3epa.
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Puc.4. SHepzemuueckue U 8pemMeHHble 3a8UcUMOCMU:

(a) - 3Hepzuu umnynbca e uyze, (b) - aHepauu uyaa; (c) - nuxo-
80U MOWHOCMU 2eHepauuu om Ko3p@uyueHma Ha4anbHoz0
NponycKkaHus naccueHozo AazepHozo 3ameopa (YAG : Cré+ -
keadpamsl, GSGG : Cr** - kpyau, 4ucAo 8 keadpame 0603Ha-
ygem KOAUYECMB0 NUKO8 8 Uyze)

Fig.4. Energy and temporal dependencies: (a) - pulse energy
in the train, (b)-train energy; (c) - peak lasing power from
the passive laser gate initial pass-through factor (YAG : Cr+ -
squares, GSGG : Cr** —circles, the number in squares indicates
the number of peaks in the train)
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JanbHeMIlee IOBBIIIEHHEe SHEPIHMH B HMIIYJIbCe
BO3MOSKHO OCYIIeCTBUTD IIyTeM IIOBBIIIEHMS SHePruu
HaKa4YK{ MM IIyTeM CJIOKeHHsS, B TOM YHCJIe Kore-
PeHTHOro, M3/1y4YeHHS HECKOJIbKUX JIa3ePHBIX KaHa-
noB. B [30] mpoBesieHO HCC/IeJOBaHHe XapaKTepHUCTHUK
usnyueHuss YAG:Nd3* nasepa Ha OCHOBe KBAaHTPOHA
IIOBBIIIEHHOM MOLIHOCTH. B pekuMe ITacCMBHOM
MOZYISILUK JOOPOTHOCTH C IlepeceyeHHEeM I1y4YKOB
B HaCBHIIIAIONmEeMCcs HorioTutene LiF: F, c Ha4aJIbHBIM
npomyckaHueM 10% Ilosy4eHBl LYyIHM HMMIIY/IbCOB
c 3Hepruew 2,55 /K U IapaMeTpoM KadecTBa M3Jy-
yeHHsT M?<1,2 mpu pacxopumocTtu 0,35 Mpan u Ipo-
CTPaHCTBEHHOM PKOCTH 7-10%* BT cm?:cpl. [InKoBas
MOIIHOCTb OAHOYAaCTOTHBIX MMIIY/IbCOB IIPeBhICHIA 21
MBT npu ux 3Hepruu 230 mJIK. YBeIHUYeHHe MHKO-
BOM MOILHOCTH u3nydeHHs OB®-masepa MoxeT
OBITH [MOCTHUIHYTO IIYTeM AKTHUBHOM MOZY/ISIIUHU
nobpoTHOCTH.

Takum obpasom, sasepel ¢ obpalleHHeM BOIHO-
BOTr0 QpOHTa ABIAIOTCS MHCTPYMEHTOM C BO3MOXKHO-
CTBI0O BapHallUM >HEPreTHYeCKMX M CIIeKTPajIbHBIX
XapaKTepUCTUK B IIHPOKUX IIpefenax. ITo obecrie-
YHMBaeT YHHBEPCAJIBHOCTD JIA3€pHOU YCTAaHOBKH [JIS
IIMPOKOr0 Kpyra IpUKJIaJHbIX 3a/1a4 KM BO3SMOXKHOCTb
OBICTPOM CMeHBI [TIapaMeTPOB TeHepalliHu KaK B paM-

KaX OAHOI0, TaK ¥ Pa3HbIX HPI/IJ'IO)KeHI/II;I.

BapuvaHTbl 1a3epoB AN KOCMUYECKMX 3a4au
Options of lasers for space applications

high generation threshold, the amplification factor
necessary for the development of lasing will be higher.
At a sufficiently high pump energy, it is possible to
generate lasing without an output mirror of a PC laser
resonator.

The rational solution is to use the available
medium: YAG:Nd3* with a relatively low absorption
cross section, while increasing the efficiency
of the resonator by increasing the number of self-
intersections of the beams in the active medium and
recording additional gratings. The joint operation of
a large number of gratings leads to an increase in the
efficiency of phase conjugation and an improvement
in the radiation parameters.

In phase-conjugate lasers, the traditional decrease
in the quality of radiation with increasing energy
parameters does not occur, due to the increase in the
diffraction efficiency of the gratings of the gain factor,
proportional to the contrast V of the grating:

V=2'(11'Iz)0’5/(11+12),

where I, I, are the intensities of the beams recording
the grating.

In [28], the characteristics of the YAG : Nd3* PC laser
radiation with diode multi-kilowatt pumping were

Tunbl nasepos / Kinds of Lasers

HenpepbiBHbIE
XUMun4yeckmne
1 TBEpAOTE/IbHbIE™
nasepbl
Continuous Chemical
and solid-state* lasers

HanmeHoBaHue
KOCMWYECKOM 3a4a4m
Space application

MIMnynbCHbIE
XUMmuyeckmne
M TBepAOTe/bHbIE"
EELIY
Pulse Chemical and
solid-state* lasers

MIMnynbCHbIe
BbICOKO-3HepreTnyeckme
TBepAoTe/NbHbIe
nasepbl c OBO
Pulse high power solid-state
phase-conjugate lasers

MMnynbCHbIe
TBEpAOTeNbHbIe
nasepbi c OB®
Pulse Solid-state
phase-conjugate lasers

Mepepaya sHeprum pau,. H/p H/p H/p
Energy transmission ration. irrat. irrat. irrat.
NazepHasa nokaums H/p paLl. paL. BO3M.
Laser detection irrat. ration. ration. poten.
JInpgapHble NpUNoXeHMs H/p paLl. pau,. BO3M.
Lidar applications irrat. ration. ration. poten.
ABNALMOHHOE

H/p BO3M. BO3M. paL.
yhanenme KM irrat oten oten ration
Ablative removal of SD ’ P ' P ’ '
ABNALMOHHOE

H/p BO3M. BO3M. paLl.
yckoperue KA irrat oten oten ration
Ablation acceleration ’ P ’ P ’ '

HPI/IME‘{RHI/IHI pan.- paLII/IOHEUIBHLII;I BApHAHT; BO3M. ~ BO3MOSKHBIH; H/p - HEPaHHOHaJ’IbeII;I BApHAHT; "~ B TOM YMCJIe BOJIOKOHHbIE K Iomny-

IIPOBOJAHKKOBbIE J1a3€PbL

Notes: ration. - rational option; poten.- potential; irrat. - irrational option; * - including fiber and semiconductor lasers
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noaxoabl K MOCTPOEHUIO JIASEPOB

AN KOCMUYECKUX MPUMEHEHUN
TBepmoTenbHble JIa3ephl, B TOM YHC/Ie BOJIOKOHHBIE
Y [IOTTYIIPOBOAHUKOBEIE, OCTAIOTCA B GOKyce BHUMaHH A
Pa3paboTUMKOB KOCMUYECKOHM JTHIAPHON U JIOKAIHOH-
HOM TeXHHUKH 6naromapsi IpHeM/IeMOX >HepreThye-
CKOH 3PeKTHUBHOCTH, OIBITY SKCIUIyaTallUd B KOCMH-
YeCKHX yCJIOBUSIX, OTHOCUTE/IBHOM ITPOCTOTe U YI0OCTBY
B pabore.

MOIIHOCTh TBEpAOTE/NbHBIX JIa3€pPOB OrpaHHYeHa
Jy4eBOM CTOMKOCTBIO MX aKTHBHBIX Cpell, Ipeleb
Hble pa3sMepbl KOTOPBIX OTPAaHHYEHBl TeXHOJIOTHSIMHU
pocTa (KM3roToB/IeHHUS) JIa3epHBIX KPHUCTA/LIOB. JIMMU-
THUPYIOIIeH Takke SIBseTCs IpobleMa yCHUIeHHOro
CIIOHTAaHHOTO HU3/Ty4eHHs, 0CODEHHO aKTyaJIbHAS B CIIy-
Yae MCIIONb30BAaHUS IIHPOKOANEPTYPHBIX JHCKOBBIX
AKTHBHBIX 3/IeMeHTOB. KpUTHYeCKoe 3HaYeHHe HMeIOT
BOITPOCHI 06eCIIedeHH I TEIIJIOBBIX PESKHMOB.

BBICOKYIO SIDKOCTh H3JIy4YeHHS B TBepPLOTEeIbHBIX
Nasepax [JOCTUIAIOT, IPHUMeHssI apXUTeKTypy '3aja-
IOLIUI TeHepaTop + YCHIHTeNb'. AJbTepHAaTHBA 3TOMY
PeIleHHI0 MOKeT OBITh peasl30BaHa B TBEpPAOTETbHOM
nasepe ¢ noMoubo 3¢pdexkra OBO mpuU YeThIpeXBOIHO-
BOM CMellleHUH. TBeproTensHble OB®-masepsl obecrie-
YHUBAIOT BO3MOKHOCTb BAPbUPOBAHMUS XapaKTePHUCTHK

i1

compared with different configurations of the loop
resonator (Fig. 3). It is shown that an increase in the
number of loops from two to four leads to a twofold
increase in the energy in the pulse at equal pump
energies due to an increase in the number of gratings
and their diffraction efficiency.

In combination with the compensation of
distortions due to the propagation of phase-conjugate
radiation, this leads to a paradoxical increase
in the quality of radiation with increasing power.
Furthermore, the dynamic gain gratings produce an
angular selection of the radiation, which makes it
possible to obtain radiation with a divergence close
to the diffraction limit. Thus, in the free-running
regime, the energy in a train of pulses, depending
on the configuration of the resonator, reached a
level of 0.5-1.25 J with a radiation quality parameter
M?2=1.15-1.5, while the energy growth in the train was
accompanied by an increase in the optical quality.

Since the grating diffraction efficiency of the
gain factor depends directly on the intensities of the
interfering beams, a longitudinal mode competition
arises in the phase-conjugate laser, which leads to
the natural selection of a single frequency mode.
This makes it possible to obtain single pulses with
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H3JIy4eHHs] B IIMPOKUX IIpefieslaX IPHU COXPaHEeHUH
BBICOKOH SIPKOCTH, UTO I103BOJISIET OIITHMAJIBHBIM 06pa-
30M HX HCIIOTb30BaTh B IMJAPHOM U JIOKALIMOHHOM KOC-
MHYeCKOH TeXHHUKe.

Jonroe BpeMsl CUHTA/IOCh, YTO TBepAOTe/IbHbIE
nasepsl C OONBIION BeJIMYHHON CpefHeN MOLIHOCTH,
B TOM YHC/Ie CIIOcobHBIe obecrieuuTh Tpebyemeble Iist
abJIAIIMOHHOTO BO3JEHCTBUSL HMITYIBCHO-TIEPHOLHU-
YecKHe PeKMMBI paboThl C 3KCTPeMaJIBHO BBICOKMMH
3HEepPTrUsIMH B HMIIy/IbCe, UMEIOT IIJIOXOe ONTHYEeCKoe
Ka4uecTBO H3JIy4eHHd. JTOT He[OCTATOK He I03BOJISI
paccMaTpUBaTh UX IS NpPHMeHeHMs Ha OOoIbIINX
JUCTAHLUSX.

OnmHako, Kak ObUIO0 MoKasaHo [31-34] B mociemHee
BpeMs, IOydeHHe BBICOKOM SIPKOCTH IIPU BBICOKOK
CpenHel MOLIHOCTH JIa3€PHOI0 U3/yUYeHHs CTAHOBUTCS
JOOCTHKMMOH 3afjader, eC/Ik MCIIO/Ib30BaTh HECKOIBKO
dusnyeckux gpneHuii: OBO (/11 KOMIIEHCAILIMH HCKa-
SKEHUI BOJTHOBOIO QPOHTA B YCHJIMTENBHOM KacKafe)
M KOTepeHTHOe CJIOKeHHe M3JIyUYeHUs HeCKOIbKHX
KaHaJIoB (IT03BOJISOIEe IIOBBICUTE CYMMApPHYIO SPKOCTb
M3/Iy4YeHMs IIPOIOPLIMOHAIBHO KBaZApaTy KOJIMYecTBa
JIa3epHBIX KAHAJIOB).

CoBpeMeHHBbIe IIOAXOAbl K KOIePeHTHOMY CJIOXKe-
HHUIO 3aK/II0Yal0TCs B GasMpPOBAaHUM M CHUHXPOHM3aA-
LIUU HU3JIy4YeHUs OTAe/IbHBIX JIa3epHBIX KAaHAJIOB IyTeM
peanusanuu 3¢dpexta OBP ImpU BHIHYKIEHHOM pac-
CestHUM MaHenblITaMa-bpU/I03Ha WM YeTblpex-
BOJTHOBOM CMeIeHHH B JIa3epPHOM aKTHBHOM Cpefe.
BapuaHTHI 1a3epoB A1 KOCMHUYECKHX 3334 CBeJeHbI
B TabnuIy.

3AK/TIKOYEHUE

TBeprmoteneHble OB®-1a3epbl BBICOKOK SIPKOCTH OCTa-
IOTCSl aKTYa/IbHBIM HaIlpaBJIeHHeM HCCIeIOBAaHHUM,
B TOM YMKC/e B HHTEpecax MPAaKTHYEeCKHX [IpHMeHe-
HUI B KOCMHYeCKOM TeXHHKe [J/151 pellleH s TUAaPHBIX
Y JIOKAaLIMOHHBIX 3a/la4, Iepefaud 3HEpruH, abmsuu-
OHHOIO yZaJIeHUsI KOCMHYECKOr0 MYcCopa C OKOJIO3eM-
HBIX OPOUT U abIALIOHHOIO YCKOPEHH ST KOCMHUYECKUX
arrnaparos.
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a bandwidth equal to the width of one 350 MHz
mode using a loop resonator (instead of 30 GHz, the
bandwidth of multimode laser generation with a
Fabry-Perot resonator). In this case, the bandwidth
of the pulse train generation remains equal to the
width of the laser generation band with the Fabry-
Perot resonator, since the amplification of various
longitudinal modes has a random character and
the dominant frequency is randomly selected in the
amplification band range.

The use of the output mirror as a source of
additional feedback leads to an increase in the energy
in the pulse, but it affects the spectral properties, in
this case there is no selection of longitudinal modes.
The use of additional intracavity selectors, such as the
stationary Bragg grating or the Sagnac interferometer,
leads to an additional selection of longitudinal modes,
which leads to an increase in the efficiency of the
gratings.

Since pulse development and feedback
enhancement occur in the phase-conjugate laser as
the intensity of the intra-resonator beams increases,
self-Q-switching occurs, which leads to a shortening
of the radiation pulse duration from 400-500 ns to
200-300 ns and an increase in the peak radiation
power.

In the case of insufficient self-Q-switching of
the resonator, which arises from the PC effect, it
is possible to use passive saturable absorbers. They
make it possible to increase the peak power of the
generated radiation, not only due to the intrinsic
modulation of the generation threshold, but also due
to the influence on the intensity of intracavity beams
recording the grating gain factor. Variation of the
initial gate transmission coefficient allows changing
the peak power and energy in the pulse within several
orders of magnitude.

It was shown in [29] that the use of a saturable
YAG: Cr** absorber with a transmission coefficient
of 5% in a YAG:Nd3* laser with diode multi-kilowatt
pumping and a loop resonator makes it possible to
obtain pulses with a peak power of up to 30 MW. The
variation of the initial transmission of the YAG:Cr*
and GSGG:Cr* gates in the range of 5-55% makes it
possible to change the peak power in the pulse from 250
kW to 30 MW with a change in the energy in the lasing
train within 20% (Fig. 4). Such a significant range of
peak radiation power makes it possible to implement
the same effect at distances differing by several orders
of magnitude without a significant change in the
thermal regime of the laser operation.

Further increase of energy in the pulse can be
achieved by increasing the pump energy or by adding,
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including coherent, radiation from several laser
channels. In [30], the characteristics of the radiation
of a YAG:Nd3* laser based on a high power laser head
have been studied. In a passive Q-switched mode with
beam intersection in a saturable LiF: F, absorber with
an initial transmission of 10%, a pulse train with an
energy of 2.55 ] and a radiation quality parameter
M?<1.2 were obtained with a divergence of 0.35 mrad
and a spatial brightness of 7:10* W-cm?-srl. Peak
power of single-frequency pulses exceeded 21 MW at
their energy of 230 mJ. An increase in the peak power
of the radiation from the phase-conjugate laser can be
achieved by active Q-switching.

Thus, phase-conjugate lasers are the tools with
the possibility of varying energy and spectral
characteristics in a wide range. This ensures the
versatility of the laser installation for a wide range
of applications and the ability to quickly change
the generation parameters both within the same or
different applications.

APPROACHES TO BUILDING THE LASERS
FOR SPACE APPLICATIONS

Solid-state lasers, including fiber and semiconductor
lasers, remain in the focus of attention of developers
of spaceborne lidar and location technology due to
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acceptable energy efficiency, operational experience
in space conditions, relative simplicity and ease of
use.

The power of solid-state lasers is limited by the
radiation stability of their active media, the limiting
dimensions of which, in turn, are restricted by the
technologies of growth (manufacture). The problem of
amplified spontaneous emission, especially relevant
in the case of wide-aperture disk active elements, is
also limiting. The issues of ensuring thermal regimes
are of critical importance.

High brightness of radiation in solid-state lasers
is achieved using the "master oscillator + amplifier"
architecture. An alternative to this solution can be
implemented in a solid-state laser with the help of the
phase conjugation effect with four-wave mixing. Solid-
state phase-conjugate lasers provide the possibility
of varying the radiation characteristics over a wide
range while maintaining high brightness, which
makes it possible to use them optimally in lidar and
location space technology.

For solid-state lasers of large average power,
including those capable of providing pulsed-periodic
operation modes with extremely high pulse energies,
required for ablation, long negative optical quality of
radiation was considered the main drawback, which
did not allow them to be considered for long-distance
applications.

However, as has been shown recently [31-34],
obtaining high brightness at a high average power of
laser radiation becomes an achievable task if several
physical phenomena are used: phase conjugation
(to compensate for the wave front distortion in the
amplifying stage) and the coherent addition of the
emission of several channels (allowing to increase
the total brightness of radiation in proportion to the
square of the number of laser channels).

Modern approaches to the coherent addition
consist in phasing and synchronizing the emission of
individual laser channels by implementing the phase
conjugation effect in stimulated Brillouin scattering
or four-wave mixing in a laser active medium. The
options of lasers for space applications are summarized
in the table below.

CONCLUSION

High brightness solid-state phase-conjugate lasers
remain an up-to-date research area, including in the
interests of practical applications in space technology
for solving lidar and location problems, energy
transfer, ablation removal of space debris from the
near-Earth orbits and ablation acceleration of space
vehicles.



