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PREFACE

S.N. Bagaev’, K.L. Vodopyanov?, E.M. Dianov’, O.N. Krokhin®,
A.A. Manenkov’, P.P. Pashinin®, I.A. Shcherbakov®

! Institute of Laser Physics, Siberian Division, Russian Academy of Sciences, Novosibirsk, Russia
2 Stanford University, Stanford, United States

3 Fiber Optics Research Center, Russian Academy of Sciences, Moscow, Russia

4 Lebedev Physics Institute, Russian Academy of Sciences, Moscow, Russia

5 Prokhorov General Physics Institute, Russian Academy of Sciences, Moscow, Russia

The year 2010 marks the 50th anniversary of the creation of the world's
first laser—a quantum generator of coherent optical radiation that employs
stimulated (induced) radiation of atoms and resonant feedback (cavity). This
event triggered rapid development of quantum electronics in the optical range.
Undoubtedly, the early studies in microwave quantum electronics set the stage
for extending the principles of quantum electronics to the optical range, that is,
for going over from the maser to the laser. This applies first of all to three key
components of the quantum generators: the atomic gain medium with the en-
ergy level structure in which radiation can be generated in the desired frequency
range, methods for achieving population inversion, and the electrodynamic sys-
tem where radiation interacts with the gain medium.

The 50th anniversary of the laser has stimulated greater interest in the
history of quantum electronics in the world. This special project of journals Quan-
tum Electronics and Proceedings of A.M. Prokhorov General Physics Institute pre-
sents early Soviet pioneering works that had a significant impact on laser science
and quantum electronics. The reprint of this collection of early Soviet papers
would be helpful for both Russian- and English-speaking readers, especially for
the latter since several papers have never been published in English and were
hardly available outside the USSR.

The two main criteria were applied during the selection of the papers for
this issue: pioneering nature of the work and its scientific impact. The available
space of the edition limited the number of papers to 24, and the dates of their
original publication to the year 1972. We also included the reprint of two pages
of the 1939 Doctor of Science (Habilitation) Thesis of Valentin A. Fabrikant,
which was published in 1940, where conditions for observing “negative absorp-
tion” in gas discharge were analyzed.

All the papers in this issue are reproduced almost in the same way as they
were originally published. We apologize to our colleagues whose papers, despite
their high quality, were not included in the collection due to the limited space of
the issue.
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! UHCTUTYT nasepHoit dusmkmn CO PAH, Hosocnbupck

2 CreHdopackuii yHusepcutet, CteHdopa, CLUA

3 HayuHbIll LEeHTp BOMOKOHHOW onTukun PAH, Mocksa

4 Ouanueckunii HcTuTyT um. MN.H. Nlebegesa PAH, Mocksa

5 HcTuTYyT 061wen dusunkn nm. A.M. Mpoxoposa PAH, Mockea

B 2010 r. ucnonHsaetcs 50 neT co BpeMeHU CO3h4aHMsA NepBoro B Mupe na-
3epa — KBAHTOBOro0 reHepatopa KOrepeHTHOro OMTUYEeCKOro W3/yYeHWUsi, OCHO-
BAHHOIO Ha WCMOSIb30BaHUWN BbIHYXAEHHOMO (MHAYLMPOBAHHOIO) U3/yYeHUs aTto-
MOB M pe30HaHCHOM obpaTHOM cBSA3M (pe3oHaTopa). 3To cobbiTUe MNpPMBENO K
6ypHOMY pa3BUTUIO KBAHTOBOW 3/IEKTPOHUKM ONTMYECKOro amanasoHa. besycnos-
HO, nccnepoBaHMsa B 061acTn KBaHTOBOWM 371eKTpoHMKM CBY-pgmanasoHa noaroTto-
BWM NOYBY AJ1S1 pacnpoCTpaHeHUs NPUHLMMNOB KBAHTOBOM 3/EKTPOHUKM Ha ONTU-
YEeCKM AnanasoH — nepexoj OT Masepa K siasepy. JTO npexzae BCero OTHOCUTCS
K TpPeM K/O4YeBbIM KOMMOHEHTaM KBAHTOBbIX FeHepaTopoB: aKTMBHAas aToOMHas
cpefa Co CTPYKTYpPOW YPOBHEN 3HEepruu, B KOTOPOW MOXET b6biTb MonyvyeHa reHe-
paumsi U3NyyeHus B XXeslaeMOM AManasoHe 4acToT, MeToj MNoJlydeHuUs MHBEepPCUM
HaCeneHHOCTEN YypPOBHEN M 3NeKTpoAnHaMmyeckasi CuctemMa, B KOTOPOM MPONCXO-
AWT B3aMMOAENCTBME U3JTyUYEeHMS C aKTUBHOWN Cpeaon.

B cBs3n ¢ 50-neTtHuM obnneem nasepa B MMpe NposiBNSAETCS NOBbILUEHHbIN
MHTEpeC K UCTOPUM KBAHTOBOW 3NEKTPOHWUKWU. DTOT CrieynasnbHbli NPOEKT XypHa-
noB «KBaHToOBas 2neKkTpoHuka» u «Tpyabl MODGAH» cooep>XWUT paHHME MUOHep-
Ckne paboTbl COBETCKMX aBTOPOB, KOTOpble OKasanu CyLleCTBEHHOEe BIMSHUE Ha
CTaHOB/IEHME N pa3BUTUE NAa3epOB N KBAHTOBOM 3NEKTPOHUKU. Takas pernpuHTHas
nybnvkaumsa paHHux pabot 6yaeT nonesHa Kak pyCCKOA3blYHbIM, TaK WU aHrios-
3blYHbIM YnUTaTENsAM, 0COBEHHO nocneaHMM, NMOCKOJbKY psg paboT paHee He ny6-
JINKOBANCA Ha aHIIMNCKOM si3blke M M03TOMY 6bia TpyAHO AocTyneH BHe CCCP.

OTbupasa ctatbu AN nepeusaaHus, Mbl UCXOAUNU U3 ABYX OCHOBHbIX Kpu-
TepueB: NMPUHUMMAWANBbHOW, C Halwelh TOYKM 3peHns, BaXXHOCTU paboTbl n ee npu-
OpUTETHOCTU B MUPOBOW nuTepaType. Kpome Toro, Mcxoas w3 npepesnibHoro Ao-
nyctmmoro obbemMa p[aHHOro cb6opHWKa, Mbl OblIM BbIHY)XAEHbI OrPaHUYNTBLCSA
KonnyectBoM paboT (B COOpPHUK BKAKOUEHbl 24 CTaTbM) WU AaTaMu UX NepBOHa-
YanbHbIX nybnukauunii (8o 1972 r.). Mbl TakXe BKJIIOUYUIU BblAEPXKKY U3 AOKTOP-
ckor aucceptaummn B.A. ®abpukaHta 1939 r., onybnumkoBaHHoM B 1940 r., rae
aHanM3npyTCa ycnoBua Ansg HabnwoaeHus «oTpuuaTtenbHon abcopbunmn» B raso-
BOM paspsje.

Bce ctaTbm B 3TOM BbiyCKe BOCMpPOM3BEAEHbl NMPaKTUYeCKn B TOM BuAe, B
KakoOM OHW MepBOHaYasbHO NybnnkoBanucb. Mbl cunTaem Heob6xoAMMbIM 3apaHee
NMPUHECTN CBOU U3BMHEHUS HaLIMM KOJI/ieraM, KOTopble COYTYyT Haw Bbi6op He nn-
WEeHHbIM CY6bbEeKTMBHOCTM, @ TakXe TeM, YbM paboTbl, HECMOTPSA Ha UX BbICOKOE
KayecTBo, He 6bln BKAOYEHbI B 3TOT COOPHUK BCeACTBME OrpaHMYeHHOro obbe-
Ma nybaunkaumm.



On experimental evidence for the existence
of negative absorption?®

V.A. Fabrikant

Reproduction of pages 273 and 274 of the 1939 Doctor of Science (Habilitation) Thesis of
Valentin A. Fabrikant, which was published in 1940, where he points out that population in-
version should lead to light wave amplification and suggests the use of second-kind colli-
sions to achieve such an inversion. Here N, and N; are populations of the upper and lower
states correspondingly, and gx and g; are their statistical weights.

In this section, experiments that prove the existence of negative absorption
(or equivalently, negative dispersion) are briefly discussed.

If the concentration of excited atoms is independent of the illumination inten-
sity, then the amount of energy absorbed in an infinitely thin layer is proportional to
1—(Ni/N;)(gj/gr), and it is the second term in this expression which accounts for the
negative absorption effect. The level of absorption goes down due to the fact that be-
cause of the negative absorption more emission events occur.

Analysis becomes much more complicated if the concentration of excited at-
oms depends on illumination, however.

At the first sight it may seem that in the absence of quenching negative ab-
sorption is of no significance at all. Indeed, negative absorption, if it exists, is
equivalent to a higher emission probability, but if there is no quenching the emis-
sion probability has no effect on the radiation intensity.

This last assertion is valid for the total radiative flux issued in all directions
possible. In the direction of the incident beam, however, an increase in intensity due
to the directional nature of negative absorption events should be observed. Because
of the negative absorption, an angular re-distribution of the radiation will occur, the
presence of quenching only serving to increase the effect. It is to be noted therefore
that our previous analyses of this problem underestimate the role of quenching.

It is readily shown that in the presence of quenching the correction due to the
negative absorption takes the form

(-a)4, +B N &,
A+B N, g

where A is the emission probability (increased due to the negative absorption),

B is the quenching probability, and a is the solid angle subtended by the receiver of
radiation.

# V.A. Fabrikant. The emission mechanism of a gas discharge. Proceedings of the All-Union
Electrotechnical Institute. 1940. Iss. 41. PP. 236-296 [in Russian].

8



K Bonpocy 06 akcnepMMeHTa/IbHOM fil0Ka3aTe/ibCTBe
CylecTBOBaHUA oTpuuaTesbHOW abcopbumnn’

B.A. ®abpukaHT

Boiaepxka (cTp. 273-274) n3 AoKTOpCcKol ancceptauumn B.A. ®abpukaHTta 1939 r., koTopas
6bina onybnukosaHa B 1940 r., rae OH yKasblBaeT Ha TO, YTO MHBEPCUS HaceNeHHOCTeWn
OOJXKHA NPUBOANTL K YCUSIEHUIO CBETOBLIX BOJH, W NpeanaraeT UCnonb3oBaHWe CoyaapeHui
BTOpPOro poja Ana co3jaHus 3Tol uHeepcun. 3aecb Ny n N; — 3acefnieHHOCTU BEepXHero u
HUXXHEro ypoBHeN COOTBETCTBEHHO; gk U g; — WX CTaTUCTMYeCKMe Beca.

Hacrosimuii pa3gen mocBsieH KpaTKOMY PacCMOTPEHHUIO B CBETE H3JI0XKEH-
HBIX BBIIIE COOOpaXEHHI TEOPHH IKCIIEPUMEHTOB, JTOKa3bIBAIOIINX CYIIECTBOBAHHE
OTpHIATENbHON abcopOmmu (WK, 9TO TO XKe, OTPUIATEIHHON AUCTIEPCHH).

Ecnm xoHIeHTpanms Bo30YKICHHBIX aTOMOB HE 3aBHCHT OT OCBELICHUS, TO
KOJINYECTBO TOTIIONICHHOW B OECKOHEYHO TOHKOM CJIO€ SHEpPTUU OyJIeT Mporop-
1MOHaNbHO 1—(N,/N;)(g;/gk), T1ie BTOPOIi uileH KaK pa3 COOTBETCTBYET OTPULIATENb-
Holi abcopOumu. [lornomenne yMeHbIIaeTCst 3a CYET YBEJIMYCHUS YHCIIa aKTOB HC-
MyCKaHUs, BEI3BAHHBIX OTPHLIATENLHON abCOpOIHei.

Ecnu xoHmeHTpanus Bo30yKISHHBIX aTOMOB 3aBUCHT OT OCBEILICHHS, TO BO-
MPOC 3HAYUTENIFHO YCIOXKHACTCS.

Ha niepBblii B3MI1s11 MOXKET ITOKA3aThCs, YTO B OTCYTCTBHU TYLIEHHS OTPULATENb-
Hasi abcopOmst BOOOIe HUKAK HE CKakeTcs. Benpb cyliecTBOBaHWE OTpHIIATENHHOM
abCcopOIMN SKBUBAJICHTHO YBEITMYECHUIO BEPOSITHOCTH HCITYyCKaHMS, HO €CITU HET TYyIIIe-
HUS, TO BEPOSTHOCTD MCITyCKAaHNS HUKAK HE BIMSET HA MHTEHCHBHOCTD U3JTyYEHHSI.

[MocnenHee coBepIIEHHO CIPABEUIMBO JJIsl IOJHOTO ITOTOKA M3ITyUYCHUSs, UC-
ITyCKaeMOT'0o 110 BCEM HAIIPABJICHUAM. O,ZIHaKO B HAIIpaBJICHUU IMMaJaromiero Imry4dkKa
Oylarozapsi HamnpaBJICHHOCTH aKTOB OTPHUIATEILHONW aOCOPOIMH IOJHKHO HAOJFO-
JaThCs yBeJIMYeHNE MHTEHCHUBHOCTH. 3a CUeT OTpUIATENbHON abcopOInu Mpon30¥i-
JeT TiepepacipeeieHue M3yueHns mo yriaM. Hanuuue TylieHus TOJIBKO yBEIU-
gut 3¢dexr. [loaToMy HE0OXOOUMO yKa3aThb, YTO, PACCMAaTPUBAsl paHee 3TOT Ke
BOIIPOC, MBI [IEPEOLIEHUBAIIN POJIb TYLIEHHSI.

HerpynHo nokasare, 94TO NPH HAJMYUM TYIICHHS IONPAaBKa, BHI3BAHHAS OT-
punarensHON abcopOIreii, OyaeT BBITISAETh TaK:

(-4, +B N, g
4+B N, g

# B.A. ®abpukaHT. MexaHu3M U3Ny4YeHuUs rasoBoro paspsna. Tpyabl Bcecow3Horo 31eKTpo-
TEXHNYECKOro nHcTuTyTa. 1940. Bein. 41. C. 236-296.



V.A. Fabrikant

The above relation implies that in order for negative absorption to be detect-
able experimentally, it is necessary to first secure that a is small (a condition at
which the influence of the discharge fluorescence will also be weakened). A favor-
able condition for observing negative absorption is a large value of B, i.e., a high
level of quenching.

To prove the existence of negative absorption directly it would be now desirable
for the above correction to have a value in excess of unity, which requires that N;/N;
exceed the statistical weight ratio g;/g.

Even though such concentration ratios are in principle achievable, this re-
quirement has never been fulfilled in discharges. Needless to say, this does not
mean we must increase the current because the maximum concentration ratio will
then be of Boltzmann type, i.e., the required inequality will not hold.

We are of the view that a realistic, if difficult, way to obtain necessary condi-
tions is, by making use repeatedly of molecular impurities for selectively destroying
lower lying levels. In this case, it is well known that fairly sharp resonances due to
second-kind collisions are observed. Moreover, as shown earlier, radiation quenching,
unavoidable in this case, will also be helpful. To calculate experimental conditions,
the same Rosseland method used in deriving the atomic concentration ratio may be
utilized.

Such experiments with the intensity of outgoing radiation exceeding that of
the incident would provide direct experimental evidence of the existence of nega-
tive absorption.
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B.A. ®abpukaHT

rae A, — BepOSITHOCTH WCITyCKaHWs yBEIMYEHHUs Oarogapsi OTPHIATENbHON a0-

copOuuu; B — BepOATHOCTH TYLICHUSI, @ — TEJIECHBIN yroj, 3aXBaTbIBACMBbIi MPH-
€MHHKOM U3Ty4YEHHUSI.

[TpuBeneHHOE COOTHOIICHNE TOKA3bIBAET, YTO ISl AKCIICPUMEHTAIBEHOTO 00-
HapyKEeHHs OTPHUIATENLHON aObcopOIMy Hy)KHO THPEKAE BCEro CO3/1aTh yCIOBHS,
MPU KOTOPHIX @ Malio; TaKhe YCIOBHUS OCIa0sT TaKkKe BIHsSHUE (IyopecieHInn
paspsizna. braronpusTHEIM ycrIoBHEM Ul HAOMIONEHUS OTPUIATENILHON abcopOuun
sIBJIsIeTCs] OOJbINAs BEMYUHA B, T.€. CUJIBHOE TYIICHHE.

Hanee s mpsAMOro JOKA3aTeNbCTBAa CYILECTBOBAHUS OTPHLATENBHON ab-
copOuuM >KenaTeabHO ObUIO OBl MOMYYHUTH Ui YKA3aHHOW TONPAaBKH BEIWYHHY,
OobIIyI0 eAUHULBL. J{71s 3TOro HyKHO, 4T00BI Vi /N; NpEBbIIIANO OTHOLIEHHE CTa-
THCTHYECKUX BECOB g;/g.

[ocnennee eme HU pa3y He HAOMOAAIOCH B pa3pse, HECMOTPS HA TO, YTO Ta-
KOE€ COOTHOIICHNE KOHIIEHTPALMI B MIPUHIIMAIIE MOXKET OBITh ocyIliecTsiIeHo. KoHeuHo,
TIPH 3TOM HEJNb3s UITH T10 JIMHUH YBEITMYCHHUS TOKA, 3/1eCh MaKCUMaJIbHOE OTHOLICHHE
KOHIICHTpAIMHU OyieT OOJIBIIMaHOBCKUM, T.€. HY’)KHOE HaM HEPaBEHCTBO HE BO3HUKAET.

Ham kaxetcsi, 4To peabHbIM, HO TPYAHBIM ITyTEM JIJISI TIOTyYCHUs HYKHBIX yC-
JIOBUI SIBIISICTCSI UCTIONIb30BAHUE OISTH-TAKH MOJIEKYJSIPHBIX TpUMecei Juisi u30oupa-
TENBPHOTO pa3pylIeHus HIWKHUX ypoBHel. Kak m3BecTHO, 3/1ech HaOIIOJalOTCS TPH
yJapax BTOPOTO pojia JOCTaTOYHO pe3Kue pe3oHaHCHbIE d(exTsl. Hensbexnoe npu
3TOM TYLIEHHE H3JTyYCHUs, KaK MMOKa3aHO ObUIO BBILIE, TAKXKE SIBJSIETCS IMOJIE3HBIM.
Pacyer ycnoBuii SKCIIEpUMEHTOB MOKET OBITH NPOM3BEICH TEM ke MeTonoM Pocce-
JIeH/1a, KOTOPBIH ObLT MCIIONIB30BaH MPH BBIBOJIE OTHOILICHHUS AaTOMHBIX KOHIIEGHTPALHH.

ITpn TakmMx 3KCHEpHMEHTaxX MBI MOJIYYUM MHTEHCHUBHOCTH BBIXOJISILETO H3-
JydeHus OOJBIITYI0, YeM HaJaloIiero, 1 MOKHO OBUIO OBI TOBOPUTH O TPSIMOM JKC-
MEePUMEHTAILHOM JIOKa3aTeIbCTBE CYIIECTBOBAHMS OTPHLATEIbHON a0COpOIHH.
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Application of molecular beams
for the radiospectroscopic study
of rotational molecular spectra*

N.G. Basov and A.M. Prokhorov

P.N. Lebedev Physics Institute, USSR Academy of Sciences
Submitted January 19, 1954

Methods are developed for using molecular beams to study rotational molecular spec-
tra. The application of molecular beams allows one to obtain narrow spectral lines of
width ~7 kHz and to study the rotational spectra of substances which are in the solid
state under normal conditions.

Introduction

The application of the radiospectroscopic method for studying the rotational
molecular spectra is severely restricted because rotational spectra are inherent only
in molecules in the gaseous state.

In practice, the vapor pressure of a substance under study should be
~10mm Hg since the intensity of lines decreases at lower pressures. Thus, to in-
vestigate the rotational spectra of solids under normal conditions, it is necessary to
heat the absorbing cell of a spectroscope up to the temperature at which the vapour
pressure of the substance under study achieves ~10* mm Hg. This leads to the im-
pairment of the resolution of the radiospectroscope because spectral lines are broad-
ened during the heating of the substance due to the Doppler effect and collisions of
molecules with the walls of the absorbing cell.

It should be noted that the investigation of solids is of special interest since
many elements do not form sufficiently simple gaseous compounds with dipole
moments, whereas most of the solid ionic compounds have large dipole moments
and therefore can be studied by the radiospectroscopy method. For example, the
gaseous compounds of rare-earth elements that could be used for determining the
nuclear moments of these elements are unknown.

The spectral linewidth can be considerably reduced by observing the absorp-
tion of microwaves not in gases, as in radiospectroscopes, but in a molecular beam.
The linewidth of a “velocity-monochromatic” molecular beam is determined by the
time of flight of molecules in the microwave radiation field. For example, if the
length of flight of molecules in the field is 1 cm and the velocity of molecules is
500 m/s, then the line half-width is

Av =1/2zr =8 kHz, (D)

where 7 is the time of flight of molecules in the radiation field.

# Zh. Eksp. Teor. Fiz. 1954. Vol. 27, Iss. 4(10). PP. 431-438.
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NMpuMeHeHne MOoNeKyIAPHbIX NYYKOB
ONA pagnoCNEeKTPOCKONNUECKOro usyuyeHus
BpallaTesibHbIX CNEKTPOB MoNeKyn*

H.r. bacos, A.M. lNpoxopoB

dusnyecknin MHCTUTYT uM. MN.H. JlebepeBa Akanemumm Hayk CCCP
MocTtynuno B pegakumio 19 aHBapsa 1954 r.

Pazo0Opansl MeTOABl WCIIOJIB30BAHUS MOJICKYJISIPHBIX ITYYKOB JUIS MICCIICIOBAHUS
BpallaTelbHbIX CIEKTPOB MoJeKy. [IpuMeHeHre MOJIEKyISPHBIX MYyYKOB MO3BOJIS-
€T MOJy4aTh Y3KHUE CIEKTPAJIbHbIE JIMHUU C IUPUHOU ~7 KI'11 U JaeT BO3MOXHOCTh
HW3y4aTh BPALLATENIBHBIE CIEKTPhI BELIECTB, KOTOPHIE IPU HOPMAJBHBIX YCIOBHUAX
HAaXOAATCA B TBEPAOM COCTOSIHHM.

BBenenue

Bonpmmm orpannueHreM MPUMEHEHHUS PaTUOCIEKTPOCKOMUYECKOTO METOIa
JUTSL MCCJICTOBAHUSI BpallaTeNIbHBIX CIEKTPOB MOJEKYJ SBJSETCS TO, YTO Bpalia-
TEJTHHBIMH CIIEKTPaMH 00JIaal0T TOIBKO BEIIECTBA, HAXOMSIINAECS B Ta3000pa3sHOM
cocrostand. [IpakTryeckn HEOOXOIUMO MMETh JaBIIEHHE MMapOB HCCIEIYyEMOTO Be-
mtectBa ~107> MM PT. CT., TAK KaK TpH Goyee HU3KHX JABICHUAX YMEHbIIACTCS MH-
TEHCUBHOCTH JIMHUH. Takum 00pa3zoMm, IUTst HCCIISIOBAHMS BpaIlaTeIbHBIX CIIEKTPOB
TBEPJBIX MPU HOPMAJBHBIX YCJIOBUSAX BEIISCTB HEOOXOIMMO HArpeBaTh IOIJIO-
HIAIOIYIO SMEUKY CIIEKTPOCKOMA JI0 TaKOW TeMIepaTyphl, MpU KOTOPOM yIpyrocTh
IapOB HCCIIEAYEMOro BEIecTBA JOCTUraeT gapieHus ~10 > MM pr. cr. Takoil myTsh
WCCIIEIOBAHUS BEJET K TOTEPE pa3peniaromiell CHIIbI paJroCIeKTPOCKOIa, TaK KaK
HarpeBaHHe BeIIecTBa BEAET K PAaCHIMPEHHUIO CIIEKTPAIBHBIX JTUHUHA n3-3a dpdexTa
Homnepa u coynapeHuil MOJIEKYJ CO CTEHKaMU MOTJIOIIAOLIEH STUeHKH.

CrnemyeT OTMETHTH, YTO HUCCIEIAOBAHUE TBEPIBIX COCAMHEHUN IPEICTABIISIET
0COOBIN MHTEPEC, TaK KaK Il MHOTHMX 3JIEMEHTOB HEM3BECTHO JOCTATOYHO MPOCTHIX
ra3000pa3HbIX COSAMHEHNHN, 000X TUTIOIFHBIMA MOMEHTaMH. BONBITHHCTBO
K€ TBEPJBIX NOHHBIX COCMHEHN NMEIOT OOJIBIIHE AUTOIHHBIE MOMEHTHI, T.€. MOTYT
OBITh HCCIENOBaHBl PaTUOCIEKTPOCKOMYECKUM MeTofoM. Hampumep, mis se-
MEHTOB TPYIIBI PEIKUX 3€MeNIb HEU3BECTHBI ra3000pa3HbIe COSAMHEHUS, TIPH II0-
MOIIK KOTOPBIX MOKHO OBLIIO OBI OMPEIEIUTD SACPHBIE MOMEHTBI ATHX 3JICMCHTOBR.

[IIupuHa CeKTpaNbHBIX JTUHHUI MOKET ObITh CYIIECTBEHHO YMEHBIIICHA, €CITH
Ha0IIOAaTh TOTJIONIEHNE MUKPOBOJIH HE B ra3e, KakK TO JEJIAeTCS B PaIHOCIIEKTPO-
CKOTax, a B MOJIEKyJsipHOM Iyuke. llluprHa MHHANA «MOHOXPOMATHYECKOTOY» TIO
CKOpPOCTSIM MOJIEKYJISIPHOTO Ty4Ka OTpeAessieTcs BpEeMEHEeM IpoJieTa MOJEKYN B
[oJie MUKPOBOJHOBOTO H3MyueHus. Hampumep, ecnu qnuHa mposieTra MOJEKYd B
moJjie paBHa 1 CM U CKOPOCTh MoJieKys paBHa 500 M/Cek, TO TOJYIIUPUHA JTUHUIMA
HOJIy4aeTcsl pABHOM

£ KITO. 1954. T. 27, Bbin. 4(10). C. 431-438.

13



N.G. Basov and A.M. Prokhorov

As far as the velocities of molecules in the beam are different, it seems that
the Doppler broadening should be also taken into account in the beam. The Doppler
broadening of lines in the “velocity-nonmonochromatic” beam can be eliminated
by exciting the types of waves in a cavity or a waveguide for which the phase ve-
locity in the propagation direction of the beam is infinite. This follows from the fact
that the frequency shift, as can be shown, is determined by the ratio of the velocity
of moleC}ﬂes in the beam to the phase velocity of waves in the beam propagation
direction .

1. Molecular beam

The number of molecules leaving the slit of a molecular-beam source per
second is
N =Y,n<va, ()

where v =./8kT/xM is the average velocity of molecules in the beam; 7 is the

density of molecules inside the molecular-beam source; a is the source slit area; and
M is the molecule mass.

The number of beam molecules incident normally on the area S in the direc-
tion perpendicular to the source slit plane is

Ng =(N/zr?)S, 3)

where 7 is the distance between the area S and the source slit.
Among these molecules, the number of molecules at the rotational level with
the rotational quantum number J and vibrational quantum number v is

_N g, exp{—E, /kT} g,exp{-E, /kT}
=Ny
Qrt Qvib

where E is the rotational energy of a molecule; gy is the statistical weight of the ro-
tational state; Oy is the rotational statistical sum; E,, is the vibrational energy of a
molecule; g, is te statistical weight of the vibrational state; and Q.;, is the vibra-
tional statistical sum.

When a molecular beam propagates through a high-frequency field with fre-
quency v = (E i — E)/h, the number of molecules absorbing energy is

NJ’U

, “4)

Nact:g‘l[&_hjz]v‘]vh_v' (5)
8 8+ kT

The latter equality takes place as #v << kT for the microwave region.

Thus, due to almost the same population of rotational levels E; and Ej., only
the Av/kT part of molecules of their total number at the level £, absorb the micro-
wave energy. We will call these molecules active molecules.

! Note that the Doppler broadening of spectral lines of gas molecules filling a cavity or a
waveguide is equal to the Doppler broadening these lines in free space.
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Av=1/2zt =8 kI, (D)

TZIe T— BpeMs MPOJIETa MOJIEKYJI B MTOJIE U3ITYICHUS.

BBumy TOro 4TO CKOPOCTHM MOJIEKYN B ITyYKe HE OIMHAKOBBI, KAa3aJOCh OBI,
YTO HEOOXOAMMO B MyUYKE TAKKe YUUTHIBATh U JIOIUIEPOBCKOE pacimupenue. OT mo-
IJIEPOBCKOTO PACIIMPEHMS] JIMHUM B HEMOHOXPOMATUYECKOM II0 CKOPOCTSM ITy4Ke
MOJIEKYJT MOXKHO M30aBHUTBHCS, €CJIM B OOBEMHOM PE30HATOPE WIIM BOJIHOBOJE BO3-
OyKIaTh TaKWe THIIbI BOJH, Y KOTOPHIX (ha30Basi CKOPOCTh B HANPABJICHUH PACIPO-
CTpaHEHUs ITyyka paBHa OECKOHEYHOCTH. DTO BBITEKAET U3 TOTO, YTO CMEIICHHE
YacTOTbI, KAK MOYKHO ITOKa3aTh, ONPEAENSIETCS] OTHOLIEHUEM CKOPOCTH MOJIEKYJI
1yuka K (pa30BOi CKOPOCTH BOJIH B HAIPABJICHHH PACIPOCTPAHEHHS MydKa .

1. MoJjiekyJISIDHBIH IIy40K

YKCII0 MOJIEKYJI, BBUIETAOIIMX U3 IEH UCTOYHUKA MOJIEKYJISIPHOTO MyYKa B
OJIHY CEKYH]LY, PABHO
N=Y,n<va, )

rae v=+/8kT/xM ecTb cpeqHssi CKOPOCTh MOJICKYII My4Ka; /1 — [UIOTHOCTh MOJIe-

KyJ BHYTPH HMCTOYHHKA MOJIEKYJISIPHOTO TyYKa; ¢ — IUIOMAAb IIeIH UCTOYHHKA;
M — Macca MOJIEKYJIbL.

Urcno MoNeKys MydKa, MaJalolinX HOPMAIIbHO Ha IUIOMAAb S B HalpasJe-
HUU, IICPICHAUKYIAPHOM IIJIOCKOCTHU LICIIM UCTOYHUKA, PaBHO

Ng =(N/7zr*)S, (3)

IJie 7 — PacCTOSHUE MEXKIY IJIOIIAIBIO S U IIEIbI0 UCTOUYHUKA.

W3 »TOro umcma MONEKyJd Ha BpaIlaTelbHOM YpPOBHE, XapaKTepHU3yeMOM
KBaHTOBBIM YHCIIOM BpalIaTeIbHOTO MOMEHTa J M KoieOaTelbHbIM KBAaHTOBBIM
YHCIIOM ¥, HAXOJIUTCS CIEAYIOIEee YHCIO MOJIEKYI:

_N g exp{—EJ/kT} 2, exp{—Ev/kT}
’ Oup Ocon

Trac EJ — BpamaTteibHasd SHEPTrusd MOJICKYIIBI, g7 — CTAaTUCTUYESCKUUA BeEC Bparma-
TEJIBHOTO COCTOSAHUSA; Oy, — BpalllaTeIbHas CTaTUCTUUYECKas cyMMa; E;,, — koueba-
TeNbHAs SHEPTHSI MOJEKYJIBI; g, — CTaTUCTHYECKUI BecC K0JieOaTeIhHOro COCTOS-

HUS; Qyon — KOJEOATENbHAS CTATHCTHUECKAS CyMMa.
[Ipu mpomyckaHuM Iy4Ka MOJIEKYJ Yepe3 BBICOKOYACTOTHOE II0JIE YacCTOTHI
v=(E 11— E,)/h B IOTJIOILICHNH SHEPTHU IPUHUMAET YYaCTHE YMCIIO MOJIEKYJI, PaBHOE
NaKT:gJ M_M z]V‘]uh_v' (5)

& 8+ kT

NJU

; “4)

[NocnenHee paBeHCTBO HMEET MECTO TIOTOMY, UTO TSl MUKPOBOJIHOBOM 00acTu v < kT.
Takum o0pa3om, BCIeICTBUE TOYTH OMHAKOBON HACEIEHHOCTH BpaIlaTeb-
HBIX ypOBHEH E; 1 E i1, B IOTJIOMIEHUH MUKPOBOJIHOBOH 3HEPruU NPUHUMAET y4a-

! CnepyeT 3aMeTUTb, YTO AOMNJIEPOBCKOE PaCLUMPEHNE JIMHUIA MOMIEKYS rasa, 3anosiHAILWEro
06beMHbII pe30HaTop WKW BOJSIHOBOA, PaBHO AOMJIEPOBCKOMY pacCLUMPEHUIO NIMHUI ra3a B
cBO60OAHOM MPOCTPaHCTBeE.
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Since molecules in the molecular beam do not interact with each other, the
violation of the distribution of molecules over the energy levels is not recovered.

This allows one to increase the number of active molecules by sorting them
over rotational states. The sorting of molecules over different rotational states can
be performed by passing the molecular beam through a nonuniform electric field
with the field gradient directed perpendicular to the beam propagation direction.
Because the projection of the effective dipole moment on the external field direc-
tion depends on the quantum number J and its projection M, on the external field,
molecules in different rotational states are deflected in the nonuniform electric field
differently, and therefore molecules situated in a certain rotational state can be sepa-
rated. Such a sorting method is used in the resonance method of molecular beams
[1]. The sorting of molecules provides the increase in the number of active mole-
cules by a factor of ~kT/hv.

The maximum density of molecules in the beam is restricted by the condition
that molecules in the beam should not collide with each other during their time of
flight through the high-frequency radiation field. It can be shown that the free path
of molecules in the beam is approximately equal to that of molecules in gas if the
density of gas molecules is equal to that in the beam. The maximum density of a
molecular beam during the sorting of molecules over their rotational states is de-
termined from the condition of the absence of collisions between molecules flying
the sorting electric field and the radiation field”.

2. The spectroscope sensitivity

The spectroscope sensitivity is determined by the noise level of a crystal de-
tector measuring the energy absorption by gas molecules. Since at low powers the
crystal detector noise changes only weakly with variations in the incident power,
the spectroscope sensitivity increases with increasing the power absorbed by mole-
cules. The power absorbed by molecules is proportional to the power of high-
frequency radiation field through which the molecular beam propagates if the satu-
ration effect is absent.

Let us determine the optimal power of high-frequency radiation. The prob-
ability of transition of molecules from the state m to the state n under the action of
radiation for the time 7 is determined by the expression [2]
wr=1-e""7, (6)

n

where

y =87 p(v) |l 3R} (Av), 7

p(v) is the energy density of the high-frequency radiation field; Av is the spectral
line half-width; and g, is the matrix element of the dipole moment of a molecule.

The residence time of molecules in the radiation field is determined by the time
of flight 7 of beam molecules in the high-frequency field. The residence time of mo-

2 Note that the gas-kinetic collision parameter of molecules is smaller than the microwave
collision diameter.
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crue yumb Av/kT 9acTh MOJEKYJ OT IOJIHOTO YHCJIA MOJEKYJ, HaXOISIIMXCs Ha
ypoBHEe Ej,. MoekyIbl, KOTOpbIE MPUHUMAIOT Y4YacTHE B IOTJIONICHUN DHEPTUH,
MBI Oy/ieM B JTaJIbHEWIIIEM Ha3bIBaTh aKTUBHBIMH MOJIEKYJIaMHU.

BcenecTBre TOro 4To MOJIEKYINBI B MOJIEKYJISIPHOM ITydKe HE B3aHMOJCHCT-
BYIOT, HApYIICHUE PacHpeaeICHUs] MOJIEKYJI IO SHEPTETHUECKHM YPOBHSM HE BOC-
CTAQHABJIMBACTCS. JTO JAaeT BO3MOXKHOCTH YBEIWYUTH YHCIO AKTUBHBIX MOJEKYII,
MPOU3BO/ISI UX COPTUPOBKY IO BpallaTelIbHBIM COCTOSTHUAM. COPTHPOBKY MOJICKYII
1O Pa3IMYHBIM BpAIaTeIbHBIM COCTOSHUSIM MOKHO IMOJYYUTb, €CIIH IPOIYCKaTh
MOJIEKYJISIPHBIM MYYOK uYepe3 HEOJHOPOIHOE BJIEKTPUYECKOe I0JIe C TPaIUeHTOM
TOJIS1, HANpPABJICHHBIM ITEPIICHIUKYJIIPHO HANPABICHUIO PACIIPOCTPAHCHHMS ITydKa.
Bnaronapst ToMy uTo mpoekuus 3(pQGEKTHBHOTO ITUIOIBHOTO MOMEHTa Ha HalpaB-
JIeHHE BHEIIHETO IOJIsl 3aBHCUT OT KBAaHTOBOTO Ynciia J M ero MpOeKIMy Ha BHEII-
Hee Tose M), MOJIEKYJIbl, HaXOSIIUECs B Pa3INUHBIX BPAIATEIbHBIX COCTOSHHUSX,
OTKJIOHSIIOTCS HEOHOPOIHBIM IICKTPHIECKUM TI0JIEM TTO0-Pa3HOMY, a CIICIOBATEIb-
HO, MOKHO BBIICIUTh MOJIEKYJIbI, HAXOJSIIUECS B OMPENEIEHHOM BpallaTelbHOM
COCTOSIHMM. Takol METOA COPTUPOBKH HMPUMEHSIETCS B PE30HAHCHOM METO/E MOJie-
KyJISIpHBIX ITydKoB [1]. [IpuMenenne copTUpOBKH MOJIEKYJI AT BO3MOXKHOCTD yBe-
JIMYUTD YHUCIIO AKTUBHBIX MOJIEKYI B ~ k1/hv pas.

MakcuManbHas TUIOTHOCTh MOJICKYJl B ITyYKe OIpPENENseTcs U3 YCIOBUS,
9TOOBI 32 BpeMsl IPoJIeTa MOJIEKYIaMU BBICOKOYACTOTHOTO MOJISl M3JIyUeHHsI HE Obl-
JIO0 CTOJKHOBCHUH MEXIY MOJICKYJIaMH ITydka. MO)KHO MOKa3aTh, YTO IJIMHA CBO-
OoxHOTrO Mpobera MOJEKyJ B My4Ke MPUMEPHO paBHA JUIMHE CcBOOOIHOTO mpodera
MOJIEKYJI B Ta3e, €CIIM IUIOTHOCTh MOJICKYJI I'a3a paBHA IFIOTHOCTH MOJIEKYJI ITyUKa.
[Ipn npuMeHEeHNH COPTHPOBKHM MOJEKYJ IO BpalaTelIbHbIM COCTOSHUSM MAaKCH-
MaJlbHasl TTIOTHOCTh ITy4YKa OINPEENseTCs U3 YCIOBHUS, YTOOBI He OBUIO COyapeHHi
MEXIYy MOJIEKYJIaMHU IPH NPoJieTe HOCIECAHUX B COPTHUPYIOLIEM IEKTPUIECKOM I10-
Jie ¥ B TI0JIe M3y YeHHs .

2. YyBCTBHTEJBHOCTH CIIEKTPOCKONA

UyBCTBUTEJIBHOCTb CIEKTPOCKOINA OIPEAECISCTCS YPOBHEM IIIYMOB KpU-
CTAJUTUYECKOTO JIETEKTOpa, MPH MOMOIIH KOTOPOTO OOHAPYKHBACTCS MOTIIOIICHHE
OHEpPrun MOJICKYyJIaMH Ta3sa. Tak xakx IIpyu MaJIbIX MOIIHOCTAX HIYMbI KpUCTalljia
MaJI0 MEHSIIOTCS ¢ M3MEHECHHEM MOIIHOCTH, MaJaloied Ha KPUCTAJ, TO YYBCTBU-
TENBHOCTh CIEKTPOCKONA PACTET ¢ yBEJIMYCHHUEM aOCOJIIOTHOW BEIMYUHBI IOTJIO-
IICHHOW MOJIEKYJaMH MOIIHOCTH. BelnvrHa MOTJIONIEHHONH MOJEKYIaMH MOIIIHO-
CTH TPOTIOPIIMOHANIbHA MOIIHOCTH BBICOKOYACTOTHOTO M3IYUYEHHUS, Yepe3 KOTOpPOoe
MPOJICTAET MOJICKYJIIPHBIA MYYOK, eCIH HeT AP eKTa HACHIIICHUSI.

OHpCZ[eJ'II/IM ONTUMAJIbHYIO BCJIMYUHY MOIIHOCTU BBICOKOYACTOTHOI'O H3JTy4de-
HUsl. BeposSTHOCTh mepexojia MOJIEKYJ U3 COCTOSIHHS 7 B COCTOSHHUE 1 TIOJ JCUCT-
BHEM H3JIYUCHHUS 3a BpeMsl 7 ornpeaersercs Gopmymoit [2]:

VVnm :1_67”77 (6)
rae
y =877 p(v) |w'f [30°(AV), (7

2 CneayeT OTMETUTb, UTO ra30KMHETUYECKMIA AMaMeTp CoyAapeHuii MONeKy sl MeHblle MUKPO-
BOJIHOBOMO AMaMeTpa COyAapeHui.
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lecules in a specified state is determined by the quantity y related to the radiation
field density p(v). If y <z, the saturation effect appears at which the spectral
linewidth is determined not by the time of flight 7 but by the lifetime y of molecules
in the specified state.

If y> 17, then not all the active molecules will absorb energy during their
flight through the high-frequency field. The optimal value of p(v) should provide
the condition 7 = y; in this case, 43 % of the active molecules will absorb radiation’.

The maximum possible energy absorption is achieved when half the active
molecules will undergo transitions from the lower to upper state.

Thus, the optimal radiation density po,(v) is determined by the equality

y=t. ®
Taking (7) and (1) into account, we obtain from (8)
Pop (V) =317(AVY? [l . ©)

For the radiation field density pon(v), the beam molecules will absorb the
energy
E,, =043N, hv. (10)

Note that p,,(v) for transitions between the levels with the specified J also depends
on M, and therefore we should use some average value of poy(v) from optimal val-
ues for each of the Zeeman components.

The energy density p(v) produced in molecular beams is considerably lower
than that in usual radiospectroscopes because in beams the narrow lines are ob-
tained. It can be easily shown that the use of a superheterodyne detector at low en-
ergy fluxes offers an obvious advantage in the sensitivity. If the power flux is P,
then the minimal detected change in the power against the noise background of the
superheterodyne detector is

AP=2 RloiseP5 (11)
where P,is. 1S the power noise.
The noise power of the superheterodyne with the passband Af'is
Pnoise szTAfs (12)

where F is noise factor of the detector.
Consider diverse applications of molecular beams for studying the rotational
molecular spectra.

3. Spectroscope with a waveguide absorbing cell

Consider electromagnetic radiation propagating along the Ox axis, the funda-
mental wave being excited (Fig. 1).

3 Note that for z = y the line will broaden up to AV' = Avy2.
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p(V) — TIOTHOCTH SHEPTUHU M3IyYeHUS BBICOKOYACTHOTO IOJIS; AV — TONyIITUpHUHA
CIIEKTPAJIbHOM JIMHUK; f4, — MATPUUYHBII 3JIEMEHT JUIOIBHOTO MOMEHTA MOJIEKYIIBI.

Bpems mpeOpiBaHMS MOJIEKYJ B TOJIE U3TYYEHHUS OINpenelsieTcsi BeTHYMHON
7T — BpEMEHEM IpoJieTa MOJIEKyJIaMH Ty4YKa BBICOKOYACTOTHOTO Tous. Bpems mpe-
OBIBaHMSI MOJICKYJI B 33IaHHOM COCTOSIHUM OTIPEIEINSCTCS BETUUMHOHN ), CBSI3AaHHOM
C MJIOTHOCTBIO MOt u3ny4eHus p(v). Ecim y < 7, To HacTynaet 3 QeKT HACHIIICHHS,
IIPH KOTOPOM IIMPHHY CIIEKTPATIbHOM JIMHUK OyJIET ONpeelsiTh He BpeMsl IpoJieTa
7, @ BpeMsl KH3HH MOJICKYJI B 3IaHHOM COCTOSIHUH, T.C. V.

Ecmu y > 1, To 3a Bpems mpoJera yepe3 BHICOKOYACTOTHOE TIOJIe HE BCE aK-
TUBHBIC MOJICKYJIBI IPUMYT y4acTHE B HOTJIOLICHUH 3Heprun. OnTumManbHoe 3Haue-
HUE BEJIMYHMHBI p(V) CleAyeT OpaTh Takoe, P KOTOPOM T = ¥; MPHU 3TOM B IOTJIO-
LLIEHUH PUMYT yuacTue 43 % aKTHBHBIX MOJICKYIT .

MaxkcuManbHO BO3MOKHOE 3HaU€HHE MOTJIOMIEHHOW SHEPTUH MOIYyUUTCs, KO-
I'JIa MOJIOBHHA aKTUBHBIX MOJICKYJI IEPEHIET U3 HUXKHETO COCTOSIHUS B BEpXHEe.

Hrak, onTuManbHas TNIOTHOCTD U3ITYYCHUS Pon:(V) OTIPENETIAETCS

y=r. ®)
Ortcrona, yuntsiBas (7) u (1), momyanm
Pous (V) =30 (AV)? [zl ©)
ITput TTOTHOCTH MO Porr(V) MOJIEKYJIBI TyYKA TOTIIOTAT SHEPTUIO, PABHYIO
E o =0,43N,, hv. (10)

Crnenyer 3aMETHUTh, YTO Porr(V) VISl IEPEXOJ0B MEKIY YPOBHSAMHU C 3aJaHHBIMU J
3aBHCHT TaKXe OT M), MO3TOMY B KaUeCTBE pPonr(V) ClemyeT OpaTh HEKOTOPOES Cpe/l-
Hee 3HAaUCHHE M3 ONTUMANBHBIX 3HAUYCHUH IS KaXKI0H 36eMaHOBCKOM KOMITOHEHTHI.
[MnoTHOCTH 3HEprum p(v) B cilydae NPUMEHEHHs] MOJEKYJSPHBIX ITyYKOB
MOJTy4aeTcsl 3HAYUTEIFHO MEHbBIICH TUIOTHOCTH SHEPTHH B OOBIYHBIX PaJHOCIICK-
TPOCKOTMAaX, TaK Kak B clydae MydKOB MONyYaroTcsa Oonee y3kue auHAU. Jlerko mo-
Kas3aTb, 4TO HpI/I MaJIbIX 3HAYCHUAX ITOTOKA 3Hepr1/m HpI/IMeHeHI/Ie cynepreTepoL[I/IH-
HOT'O HpI/ICMHI/IKa Jna€T HECCOMHECHHOC HpeI/IMYHICCTBO 110 ‘-IyBCTBI/ITCHI)HOCTI/I. ECHI/I
ITOTOK MOIIHOCTH paBeH P, TO MHHHMalbHOE OOHApyXMBaeMoe W3MEHEHHE MOIII-
HOCTH Ha (pOHE IIyMOB MIPHU MPUMEHEHUH CyIepreTepOINHHOTO IPUEMHHIKA PABHO

AP=2[P,.P, (11)

rie Py — MOIIHOCTB NIyMOB.
BennunHa MOIIHOCTH IIYMOB JI CYNEPTETEPOAUHHOIO MIPUEMHHKA C MOJIO-
coli mpomnyckaHus Af paBHa
By = FET Af, (12)

rae F— myM-¢akTop npueMHUKA.
PaccMmoTpuM pasnudHbIE BapWaHTH MPUMEHEHUS MOJIEKYJISPHBIX ITYYKOB
JUTSl U3yYEHHUS BpallaTeNIbHBIX CIIEKTPOB MOJIEKYJL.

3 CneayeT UMETb B BUAY, YTO MPU 7 =y NIWHWS paclumpuTcst 4o Av' = Av+/2.
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According to (9), the optimal power of the energy flux is
P ={30°c(AvY’ [Azi] b, (13)

here c is the speed of light.

If a molecular beam is passed through such a waveguide parallel to the Oy
axis, the Doppler broadening of spectral lines will be absent because the phase ve-
locity of the fundamental wave in this direction is infinite. If a diverging molecular
beam is used, the Doppler broadening of the line caused by the velocity component
v, of molecules should be smaller than the time-of-flight linewidth in the radiation
field, i.e.

v, <c/mrvyN2zin2. (14)

Therefore, the allowable divergence angle of molecules in the beam will be
tga <v,/v=c/mvybN27In2. (15)

Expression (15) shows that only a part of molecules leaving the slit of a beam
source can be used to observe rotational lines.

If the source has K vertical slits of area a, then the number of active molecule
flying through the waveguide will be

hv
N, = KN ,;,—, 16
«=PKN, T (16)

where f is the molecular beam utilisation factor determined by expression (15) and
the setup design.

According to (10), the energy absorbed by these molecules is

E =0.438KN,,(hv)*/kT. (17)
According to (11), the absorption of this energy can be detected if the condition
Ez
l)noise <— 13
4P, (1%)

opt

is fulfilled. The value of P, is determined by (13).

/ ! / L
< /0 T T N\ —
7 U0 OE

Fig. 1 Fig. 2

20



H.I. bacos, A.M. lpoxopos

3. CneKkTpOoCKOI ¢ BOJTHOBOIHOI MOrJomaomei siueiikoi

[TycTp 2meKTpOMarHuTHOE M3IYyUYEHUE pacpocTpaHsercs BAoub ocu Ox, mpu-
4yeM BO30Y KaeTcss OCHOBHasl BoyHa (puc. 1).

OnTuManapHas MOIIHOCTh OTOKA YHEPTUH, cortacHo (9), paBHa

Py = {317c(Av) [47|u)' b, (13)

rJle ¢ — CKOPOCTh CBETa.

Ecnu yepe3 Takoil BOIHOBOJ MPOITYyCKATh ITyYOK MOJEKYJ MapajieIbHO OCH
Oy, TO OTIIIEPOBCKOE PACHIMPEHUE CIICKTPAITBHBIX TMHUN OyJIET OTCYTCTBOBATH, TaK
Kak (ha3oBas CKOPOCTh PACIPOCTPAHEHUS OCHOBHOM BOJHBI B 3TOM HANpaBlICHUU
paBHa OeckOHeUHOCTH. ECITM UCTIONB3yeTcsl pacXOASIIUICS My4OK MOJIEKYII, TO He-
00X0A1MO, YTOOBI IOTIJIIEPOBCKOE PACIIUPEHHE U3-332 HAINYMS KOMIIOHEHTBI CKOPO-
CTH MOJIEKYJ ¥y AaBajo Obl AOTUIEPOBCKYIO IIMPHHY JIMHUH, MEHBIIYIO, YEM LIHPH-
Ha JIMHUH, CBA3aHHAs CO BPEMEHEM MPOJIETa MOJICKYJIaMHU TOJISl U3TyUeHHS, T.C.

v,<c/mrvyN2xin2. (14)

CJie10BaTeNbHO, IOMYCTUMBIN yTroJI pasieTa MOJIEKYJT IydKa Oy1eT
tga <v,/v=c/mvybN27In2. (15)

Bripaxxenne (15) nokassiBaeT, 4To Aj1s1 HAOIIOAEHUS BpallaTebHBIX JTHHAN
MOJKET OBITH HCIIOJIb30BaHa TOJIFKO YacTh MOJIEKYJI, BBUIETAIONINX W3 IIETH WCTOY-
HUKa Iy4Ka.

Ecmu B ncrounmnke umeercd K BEpPTUKAIBHBIX IIENEH IJIOMIAMN @, TO Yepe3

BOJIHOBO/T 6y,Z[CT IIPOJIETATh CJIEAYIOIIEEC YNCIIO AKTUBHBIX MOJIEKYJI:
hv
NaKT:ﬂKvak_T, (16)

rae f ectb KO3()(UIMEHT UCIOIB30BaHUS MOJIEKYJSIPHOTO MyYKa, ONpeaesieMblid
BbIpaskeHHeM (15) u reomeTpureil yCTaHOBKH.
KonudecTBo 3HEprym, NOTJI0IMASMOe 3TUMU MOJIEKyTamu, coriacHo (10), paBHo

E =0,438KN,,(hv)*/kT. (17)

J1Jist TOro 9TOOBI 3TO MOIJIONIEHUE SHEPIHH MOTJIO OBIThH O0HAPYIKEHO, HEOOXOAUMO,
coriacHo (11), BEITOTHEHHUE YCITOBHS

<. (18)

Benuuuna P, onpenensercs (13).

/ ]
A R/

TZ z Y
[

Puc. 1 Puc. 2
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Consider, for example, the possibility of observing the J=1 — J=2 rota-
tional transition of CsF molecules. Let us assume that K =200, = 0.03, a = 102 e,
b=d=1cm, n=10", |14|=% uy, po="7.3x10"" CGSE, v = 17700 MHz, T=850°C,
F =40, and Af=0.1 Hz. Then, Av=7kHz, E=3x10"7W, P=5x10"W, Py =
=2x107 W, and AP, = 61074 W.

Thus, the signal-to-noise ratio can be expected to be 50.

The spectroscope described here consumes 75 gram of a substance per hour.

The calculation presented above neglected the possibility of sorting mole-
cules over rotational states. Sorting molecules over rotational states by using a cav-
ity as an absorbing cell is considered below.

4. Spectroscope with a cavity

Consider an absorbing cell representing a rectangular cavity in which the Hyy;
oscillation is excited. If a molecular beam is passed through such a cavity along the
Ox axis, the Doppler broadening of spectral lines will be absent because the phase
velocity of the electromagnetic wave in this direction is infinite.

If a diverging beam is used, the Doppler linewidth caused by the velocity
components v, and v, should be smaller than the time-of-flight linewidth of mole-
cules in the cavity, i.e.

v, =02 +0} <c/mrvy27In2. (19)

Therefore, the allowable beam divergence angle is determined by the condition
tea <v, /v=c/rvyrd271n2. (20)

Expressions (19) and (20) were derived by assuming that the phase velocities
of the wave along the Oy and 0z axes are identical.

To maintain the optimal field density p(v) inside the cavity, it is necessary to
supply the energy

Py = 22vp(v) b1/ Q = 3% (Av)*v bl /20 i)' 1)

into it, where Q is the cavity Q-factor.

Expression (21) was derived by assuming that energy is uniformly distributed
over the cavity volume. One can see from (21) that the energy supplied into the cav-
ity decreases proportionally with increasing Q. Therefore, as follows from (11), the
spectroscope sensitivity can be increased by increasing the cavity Q-factor. To ob-
tain a large Q-factor, it is necessary to eliminate radiation losses through holes in
the cavity which are used to pass the molecular beam. This can be achieved by
employing cylindrical waveguides as shut-off filters with the critical wavelength
smaller than the radiation wavelength of molecules.

The cavity Q-factor can be considerably increased by regeneration with the
help of a travelling-wave tube. The cavity Q-factor can be also increased by cooling
the cavity down to the superconducting state.
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PaccmoTpumM B KauecTBe mpuMepa BOZMOKHOCTD HAOIIOIEHHS BpalaTeIbHO-
ro nmepexona J=1—J=2 monekya CsF. Ilycts K =200, f#=0,03, a=107cm’,
b=d=1cm, n=10", |i3|=% 15, pto=7,3-10"* CGSE, v=17700 MI'u, T = 850°C,
F=40, Af=0,1Tu. Torma Av=7xlm, E=3-10"Br, P=510°B1, Puy—
=2:10% Bt, AP,y = 6:10 " Br.

Takum 00pazoM, MOKHO O’KUJIATh TPEBBIILICHUS CUTHAJIA HaJ| ryMoM B 50 pa3.

OnucaHHbBIA 34E€Ch CICKTPOCKOIl pacXxoAyC€T B TCUCHHUEC OJAHOro 4aca 751
BELIeCTBA.

B IMPUBEACHHOM BBIIIIE PACUECTE HE YUYUTHIBAJIACh BO3MOKHOCTHb COPTHPOBKH
MOJIEKYJI TI0 BpalllaTeNIbHbIM COCTOSIHUAM. [IpUMeHeHne COPTUPOBKU MOJIEKYJ IO
COCTOAHUAM PACCMATPUBACTCA HUIKE, KOI'Zla B KAYECTBC Hornoma}omeﬁ STUEUKU HC-
MOJIL3YETCSI 0OBEMHBIN PE30HATOP.

4. CneKkTpockon ¢ 00beMHBIM PE30HATOPOM

IlycTe B KadecTBe MOIJIOINANOLICH SYEMKH HCHOJIb3YyETCS NPSAMOYTOJbHBIN
pe3oHaTop, B KOTOpOM Bo30yxaaercs konedbanue Hy . Ecim mpomyckarts yepes Ta-
KOH pe30HaTop MOJEKYJSPHBIN My4oK B HampaBieHHH oc Ox, TO JOMJIEPOBCKOTO
pacuIMpeHrs: CIEeKTPaJbHBIX JIUHUHA He OyneT, Tak Kak ¢a3oBas CKOPOCTb pacipo-
CTpaHEHUs! SIEKTPOMArHUTHOW BOJIHBI B TOM HAaIPaBJIEHUH paBHA OECKOHEYHOCTH.

Eciu ucrionp30BaTh pacXoIsLIMNACS ITy4OK, TO HEOOX0AUMO, YTOOB! AOIJIEPOB-
CKasl IIMPHHA JIMHUH HU3-3a HAINYUS KOMIOHEHT CKOPOCTHU V), U ¥, OblJIa MEHBLIE ILIH-
PHHBI JINHUH, 00YCIIOBJIEHHOM BpeMEHEM IpoJieTa MOJIEKYJI Yepe3 pe30HaTop, T.€.

v, =V} +v; <c/mrvyN2rin2. (19)

Cre10BaTesIbHO, JOMYCTUMBIH yroJl pa3neTa Mydka onpeeseTcs YCIoBHEM
tga <v, /v=c/rvyrN27In2. (20)

[Ipu BeBOzE (19) 1 (20) mpuHATO, YTO (a3oBasi CKOPOCTH BOJHBI B HAIpaB-
nernu ocu 0y paBHa Pa30BOi CKOPOCTH B HarpaBieHnu ocH 0z.

Jna moanep:kaHus ONTHMAJIBHOMN IJIOTHOCTH TOJS p(V) BHYTPHU 0OBEMHOTO
pE30HATOpa B pE30HATOP HEOOXOIUMO BBOJUTD 3HEPTHIO Popy!

Py = 22vp(v)bdl/Q = 3% (Av)*v bal/ 20 i P, 1)

rae 0 — 1oOpOTHOCTH pe30HaTopa.

IIpu BBIBOsE (21) cumTanoch, YTO PHEPTUs PaBHOMEPHO pacHpesesieHa Mo
o0beMy pe3onatopa. Kak Buano u3 (21), BBoguMas B pe30HATOpP IHEPTUsl YMEHb-
[I1aeTcsl MPONOPLHMOHATIBHO pocTy (. [losToMy U1 yBENINYEHHs 4yBCTBUTEILHOCTH
CIEKTPOCKOMA, Kak 370 cieayeT u3 (11), Hy)XHO yBenW4uTh JOOPOTHOCTH pe30Ha-
Topa. J{ns momydeHus OobIIoi 100POTHOCTH Pe30HATOPa HEOOXOIUMO YCTPAHUTD
MOTEPU U3-3a M3IYUYEHUS Yepe3 OTBEPCTUSl B PE30HATOPE, CIy’Kalllde VIS MpOILyC-
KaHUA ITy4YKa MOJICKYJI. DTOro MOKHO OOCTUTHYTH, UCIIOJIB3Yd B Ka4YE€CTBE 3aIlop-
HBIX (1)I/IJII)TpOB OTPE3KU NUIMHAPUYCCKUX BOJIHOBOJAOB, KPUTHYECKAA BOJIHA KOTO-
PBIX MEHBIIE JUIMHBI BOJIHBI U3TYYEHHUS MOJIEKYJI.
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The number of active molecules leaving the slit at sorting is
Nact :ﬁNJvﬂ (22)
where f is the molecular beam utilisation factor defined by relation (20) and the

setup design.
According to (10), the energy absorbed by these molecules is

E.=0438N,, hv. (23)
According to (11), this absorption can be detected if
2
Pnoise < Eabs . (24)
4P,

opt

The value of P, is determined from expression (21). The noise value is determined
by expression (12).

The sorting of molecules over rotational states allows the investigation of
both absorption and emission spectra of molecules because molecules in the lower
or upper state of the transition under study can be selected from the beam.

Using a molecular beam in which molecules in the lower state of the transi-
tion under study are absent, we can make a “molecular oscillator”. The operation
principle of the molecular oscillator is as follows.

The sorted out molecular beam in which molecules in the lower state of the
transition under study are absent is passed through a cavity. During the flight of
molecules in the cavity, a part of molecules undergo transitions from the upper to
lower state, by imparting their energy to he cavity. If intracavity losses are smaller
than the emission power of molecules, the self-excitation comes at which the radia-
tion power in the cavity increases up to the value determined by the saturation ef-
fect. Therefore, the self-excitation will come if

Tact hV > Elossv (25)
where E). is the intracavity loss,
By =22k 26)
0

By assuming that the radiation energy is uniformly distributed in the cavity
volume, we write Ef; in the form

Eg = p)V, (27)

where V is the cavity volume.
Using (25)—(27), we obtain the self-excitation condition in the form

Naoet > 2V H(AV)* 120 | T (28)

The stationary state of the oscillator is determined by the saturation effect.
The maximum output power of the oscillator is

Emax = % Nacthv‘ (29)
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JloOpoTHOCTE pe3oHaTOpa MOXKET OBITh 3HAYUTEIHHO IOBBIIIEHA MYTEM pe-
TeHepallly MMPU TTOMOIIU JIaMITbl Oeryieii BoJHbL JJ0OpOTHOCTh pe30HaTOpa TaKkKe
MOJET OBITh cJellaHa JIOCTaTOYHO OOJIBIIION, €CIIM OXJIaUTh PE30HATOP J0 CBEpPX-
MIPOBOJISIIETO COCTOSHUS.

Uwncno aKTUBHBIX MOJIEKYJ, IMOJIy9aeMbIX OT IIENH MPHU MIPUMEHEHHH COPTH-
POBKH, paBHO

NaKT zﬂNJvn (22)

rae f — xko3(hGUIMEHT UCIOIb30BAHUS MOJIEKYJ IydKa, ONpEeAeIsIeMblii COOTHO-
menueM (20) u reoMeTpHrel yCTaHOBKH.
KonmyectBo 3Hepruu, nornomuaemMoe STUMH MoJieKyiaMu, coryiacHo (10), paBHo

E o =0,438N,, hv. (23)

JJis TOrO 4TOOBI 3TO MOTJIONICHHUE MOTJIO OBITH OOHAPYKEHO, HEOOXOAUMO, COTJIac-
HO (11), 9TOOHBI
EI'%OFH
Py < P (24)

onrt

Bemuuna P, onpenensiercs u3 pasercrsa (21). Benmuuna nrymos onpenensiercs (12).

[IpumeHeHnrie COPTUPOBKY MOJIEKYJT MO BpaIIaTeIbHBIM COCTOSHUSM JIaeT BO3-
MOXHOCTb U3y4aTh HE TOJIBKO CIIEKTPHI MOTJIOMICHHS MOJIEKYJI, HO M CIIEKTPBI U3Iy-
YEHHUsI MOJIEKYJI, TAK KaK U3 Iy4Ka I10 JKEIaHUI0 MOXXHO OTCOPTHPOBATb MOJIEKYJIbI,
HAXOJAIINECS B HIDKHEM MJIM BEPXHEM COCTOSHUM PacCMaTPUBAEMOTr0 Mepexoa.

Hcnone3ys MOJIEKYIISAPHBINA IIy40K, B KOTOPOM OTCYTCTBYIOT MOJIEKYJIbI B HUK-
HEM COCTOSIHUM paccMaTpUBAeMOro IMepexo/ia, MOKHO CAeIaTh «MOJEKYJISIpHBIHN re-
Hepartopy. [IpuHunn aefcTBUsI MOJIEKYJIIPHOTO F'eHepaTopa COCTOUT B CJICAYIOLIEM.

OTCOpPTUPOBAHHBIN MOJIEKYJISIPHBIA IIy4OK, B KOTOPOM OTCYTCTBYIOT MOJIE-
KyJbl B HIDKHEM COCTOSHMM pPaccMaTpHUBAeMOro Iepexoja, MPOIyCKaeTcs uepes
00BEMHBIN pe3oHATOP. 3a BpeMsl MPoJIeTa MOJIEKYJI B 00BEMHOM PEe30HATOPE YacTh
MOJIEKYJ MIEPEXOAUT U3 BEPXHETO COCTOSHMS B HIKHEE, OTIaBasi SHEPTUI0 00beM-
HOMY pe3oHaTopy. Eciu MOIIHOCTH OTeph BHYTPH PE30HATOpPA MEHBIIIE MOIIIHOCTH
W3JTY4YEHUs] MOJICKYJI, TO HACTYyIIaeT caMOBO30Y>KAECHHE, IPU KOTOPOM MOILHOCTH B
pe3oHaTOpe pacTeT A0 BEIMYHHBI, onpeaessieMoi 3gdekrom HachimeHus. Takum
00pa3om, caMoB030y>KA€HUE HACTYIINT, €CIIU

Ty hv > Eor, (25)
rae Eyor — MOLIHOCTh OTEPH B 00bEMHOM PE30HATOPE, @ UMEHHO
2nvE
EHOT = —3a"’ (26)
0

[Ipunumas, 4yTo SHeprusi B 00bEeMHOM PE30HATOPE PaBHOMEPHO pacrpeselie-
Ha 1o 00beMy pe30HaTopa, 3anuuieM £E,,; B BUIe

Eow = pW)V, 27)
rae ¥V — obweM pe3oHaTopa.
Ha ocHoBannu (25)—(27) moiy4um yCcIOBUSI CAaMOBO30YKIICHUS B BUJIC

N > 2V h(AV) 120 |1 [ (28)
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Consider, for example, the possibility of observing the /=0 — J=1 rota-
tional transition in CsF molecules. To obtain a molecular beam, a temperature of
575 K is required at which the 0.00025 part of the total number of molecules are in
the J = 0 rotational state.

In a beam with a divergence angle of 1°, we can obtain a flux of 10'* mole-
cules per second. 6x10° of these molecules are in the J=0, v =0 state. Approxi-
mately the same number of molecules are in the J=1, M;=0, v = 0 state. As the
beam does not contain molecules in the J=0, v =0 state, the found number of
molecules is the number of active molecules.

The maximum energy that can be emitted to the cavity is

E,.. =1.6x10""W. (30)
Using (28), we obtain the cavity O-factor at which the self-excitation comes:
Q> 3V h(AV) [2N,o 2] (31)
Let V=5 cm’ and (Av)> = 5x10" s *. Then, we have
0>7x10° (32)

Because such a cavity cannot be made in practice, the self-excitation also
cannot be obtained in our case. However, since the beam density in our case is far
from its maximum value for the mean free path of molecules equal to 1 cm, the self-
excitation regime can be obtained at practically achievable Q-factors by increasing
considerably the molecular beam density.

For easily attainable O-factors ~5x10° and the number of active molecules
~3%10°, a rotational transition can be investigated using induced radiation. Let us
find the power required for producing the optimal energy density in the cavity to
obtain the induced mission of molecules. Because |,'|=|u,,|, this power can be ob-
tained from (21):

P =49x10"W. (33)

opt

According to (24), for F =40 and Af= 0.1 Hz, the minimal detectable power
variation is

AP, =2x107"°W, (34)

i.e. the signal-to-noise ratio is 7 for the specified beam density.
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CraumoHapHOE COCTOSIHME TeHepaTopa ompenessercs 3(dexTom Hachie-

HHA. HpCI[CJ'IBHaH BCJIMYMHA MOIIIHOCTH, KOTOpasd MOXKET 6I)ITI) moJIydyeHa OT TaKoro
reHeparopa, paBHa

EMaKC = % ]\]aKT hV' (29)

PaccmoTpum B KauecTBe mpuMepa BO3MOXHOCTh HAOIIOAEHHSI BpallaTeIbHO-
ro nepexona J =0 — J=1 monexkyn CsF. [Ing nmomydeHuss MOIeKyIsIpHOTO MydKa
HeoOxouMa TemMiieparypa 575 K, npu KoTopoii B HYJICBOM BpaliaTeIbHOM COCTOS-
Huu (J = 0) Haxoxutes 0,00025 gacTh OT HOTHOTO YHUCITA MOJIEKYIIL.

Ipu yrie pacTBopa mydka B 1° MOkHO mosyunts motok 10" mMomekyn B ce-
kyHmy. U3 atux Momexyn B cocrosHuu J =0, v =0 nHaxomurcs 6:10° Momexyn.
[IpumepHO Takoe e Ynuciao MOJIEKyJ Haxoautces B coctosiHuu J =1, M;=0, v =0.
Tak Kak B My4Ke OTCYTCTBYIOT MOJEKYJBI B coctostann J = 0, v = 0, To HaiineHHOe
YHCIIO MOJIEKYJI SIBJISICTCS YMCIOM aKTUBHBIX MOJIEKY.

MaxkcumManbHasi SHeprus, KOTopasi MOKET ObITh U3JIy4YeHa B PE30HATOp, paBHA

E,..=1,6-10""Br. (30)

U3 dopmymer (28) Halimem MOOPOTHOCTH pe30HATOPA, PU KOTOPOH MOIyda-
eTCsl CaMOBO30YXKICHHE:

O >3V h(AV)? [2N o 12" (1)
cTb V=>5cMm, (Av)" =3 CEK ~, TOra B IAaHHOM ClIy4ae
Hycts V=5 cm’, (Av)* = 510" cex > y
0>7-10° (32)

Tak kak TakoW pe30HATOp CAENATh MNPAKTUUECKH HEBO3MOXKHO, TO MOTYyYUTh
caMOBO30Y>K/ICHHE B HAIlIeM ciIydae Takke HeBO3MOKHO. OZHAaKO, BBUAY TOTO UTO
IJIOTHOCTh IMydYKa B HallleM clIy4yae JalleKO He SBJIAETCS MPEeAeIbHOM JUIsl JUIMHBI
cBOOOJIHOTO TpoOera MOJICKYJ, PaBHOW 1 CM, PEKUM CaMOBO30YKICHHS MOMKHO
OCYILIECTBUTH MPH MPAKTHUECKH JOCTHKUMBIX JOOPOTHOCTSX, 3HAYUTEILHO TIOBBI-
CHB IUTOTHOCTH MOJIEKYJIAPHOTO MyYKa.

Ipu Nerko JOCTHRUMBIX T0OPOTHOCTAX ~5-10° ¥ IpH YKCIie AKTHBHBIX MOJIEKYIT
~3-10° BpamaTeIbHBII MEPEX0] MOKET ObITH H3YdYeH NPH MOMOIIH HHIYIMPOBAH-
HOTO M3nMy4yeHus. Halimem BeIHUnHY MOITHOCTH, KOTOPYIO HEOOXOIMMO UMETh IS
CO3/IaHUsl B PE30HATOPE ONTUMAIBHON MJIOTHOCTH SHEPTUH IS WHAYLHUPOBAHHOTO

U3JTydeHUs] MOJIeKyJl. Beneactue Toro uto |u,'|=|g, |, BenumunuHy Py, MOXKHO I10-
myauth 13 (21):

P, =4,9-10"Br. (33)

CornacHo (24), pu F =40, Af=0.1 't MEUHUMaTBEHO OOHAPYKHBaeMOe H3-

MEHEHNE MOIIHOCTH PaBHO
AP,

MUH

=2.10""Br, (34)

T.C. IpA yKaSaHHOﬁ MJIOTHOCTHU ITy4YKa IOJYYaC€TCs MPCBBIMICHUE CUIHAIa HAO IIy-
MOM B 7 pas.

JIuteparypa

1. HK. Hughes. Phys. Rev. 1947. Vol. 72. P. 614.
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About possible methods for obtaining active molecules
for a molecular oscillator?

N.G. Basov and A.M. Prokhorov

P.N. Lebedev Physics Institute, USSR Academy of Sciences
Submitted November 1, 1954

We pointed out in [1] that high-resolution spectroscopes can be fabricated us-
ing molecular beams. We also indicated in this paper the possibility for creating a
molecular oscillator. Active molecules for obtaining the self-excitation regime in a
molecular oscillator can be produced by deviating the beam molecules in inhomo-
geneous electric and magnetic fields. This method was used for obtaining active
molecules in the fabricated molecular oscillator [2].

There is also another way for producing active molecules, namely, by pre-
irradiating the molecular beam by an additional high-frequency field causing reso-
nance transitions between different levels of the molecules. Figures 1 and 2 show
possible variants of using the additional radiation at frequency v,qq for enriching the
upper level to obtain the self-excitation regime at the frequency v,.

In the case depicted in Fig. 1, active molecules at the first level are produced
due to the transfer of the molecules from the third level by a high-frequency field. If
the high-frequency field has a sufficient power so that to achieve the saturation ef-
fect, the number of active molecules is

%(NS_NI)+NI_N25 (1)

where N, 1s the number of molecules at the ith level.

The number of active molecules at the first level increases with increasing the
energy difference between the first and third levels with respect to the energy dif-
ference between the first and second levels. In this case, we should take into ac-
count that the number of molecules at the levels in the thermodynamic equilibrium
is determined by the Boltzmann factor
N, ~ e BT )

1

where E; is the energy of the ith level and T is the absolute temperature of beam
molecules.

The same assumptions are valid for the case presented in Fig. 2; however, in
this case, the number of molecules at the second level decreases instead of an in-
crease in their number at the first level. The number of active molecules in this case is

%(NZ—N3)+N1—N2. 3)

# Sov. Phys.-JETP. 1955. Vol. 1. PP. 184-185.
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O BO3MOXKHbIX MeToAaX NOoJIlyYeHUs! aKTUBHbIX MOJIEKy
ANA MOJIeKYNISIPHOro reHepartopa’

H.r. bacos, A.M. lNpoxopoB

dusnyecknin MHCTUTYT uM. IN.H. Jlebepesa Akagemumm Hayk CCCP
Moctynuno B peaakumio 1 Hosbps 1954 r.

Kak 6pu10 yKa3ano B cratse [1], Ans co3maHus CIEKTPOCKOIIOB BBICOKOH pas-
peraroneil cuabl He0OX0JMMO UCTIONB30BaHNE MOJIEKYIAPHBIX My4YKoB. B 3T0M e
CTaThe ObLIO YKa3aHO Ha BO3MOXKHOCTb CO3JIaHHS MOJIEKYJIIPHOTO reHeparopa. AK-
TUBHBIC MOJICKYJIbI JISA MOJYUCHHSA PEKHUMa CaMOB036y)KI[€HI/IH B MOJICKYJISIPHOM
reHepaTope MpeIarajoch MoJIydaTh IyTeM OTKIOHEHUSI MOJIEKYJ ITyYKa B HEOJHO-
POIHBIX JJICKTPUUCCKUX WNJIWM MAarHUTHBIX ITOJIAX. Taxkoit crroco0 IMMOJIYy4YCHUA aKTUB-
HBIX MOJIEKYJI OBbLT IPUMEHEH B IIOCTPOESHHOM MOJIEKYJISIPHOM TeHepaTope [2].

Nmeercs emie Apyroi myTh MOITYYEHUS! aKTUBHBIX MOJIEKYJ, & UMEHHO IIpEJ-
BapHUTENIbHOE OO0JMydyeHHE MOJICKYJISIPHOTO Iy4YKa BCIIOMOTATENBHBIM BBICOKOUYAC-
TOTHBIM II0JIEM, BBI3BIBAIOIIUM PE30HAHCHBIC NEPEXOABI MEKAY Pa3IMYHBIMU YPOB-
HAMU Mosiekyid. Ha puc. 1 u 2 yka3aHBl BO3MOXKHBIE BapHaHTHI MCIOIH30BAHUA
BCIIOMOTATEIbHOTO M3IYyYEHUSI YaCTOTHI Vye, IJISI OOOTAIEHHS] BEPXHETO YPOBHS B
LEJISIX MOTYYEHHUs peKUMa caMOBO30Y KICHHUS HA YACTOTE Vy.

B ciyuae, n300pakeHHOM Ha pucC. 1, aKTHBHBIE MOJIEKYJIbBI HA IEPBOM YPOB-
HE MOJIYYaloTCs 3a cYeT Imepedpoca BHICOKOUYACTOTHBIM IIOJIEM MOJIEKYJ € TPETHETO
ypoBHs. Eciiu BbICOKOYAacTOTHOE IoJie 00J1afaeT JAOCTaTOYHOM MOIIHOCTBIO, TaK
410 focturaercs 3 (EeKT HACBIIEHHUS, TO YUCIO AKTUBHBIX MOJIEKYJI PABHO

%(N3_N1)+N1_N29 (1)

rae N; — 4HCII0 MOJIEKYJI Ha i-M ypPOBHE.

Yuciao akTUBHBIX MOJIEKYJI HA TIEPBOM YPOBHE YBEITMUYMBACTCS C YBEIHUCHH-
€M pa3HOCTH 3HEPIuil MeXAy NEPBBIM M TPETBUM YPOBHSMH IIO OTHOLIEHUIO K
Pa3HOCTH HEPIHU MEXIY TEpBBIM M BTOPBIM YpOBHsMH. [Ipu 3TOM ciepyer y4u-
ThIBaTh, YTO YUCJIO MOJICKYJI Ha YPOBHAX IIPU TEPMOAMHAMHUYECCKOM PABHOBECHU
ompenensiercs pakTopoMm Bonbimana

1

rae E; — sHeprus i-ro ypoBHs, 7 — aOcotoTHas TeMIepaTypa MOJIeKyJI IyJKa.

Te ke paccyXIeHHsS CIpPaBEIJIMBBI IS Cclydasi, H300pakeHHOTO Ha pHC. 2,
TOJIBKO BMECTO YBEJIMYEHUS YMCIIa MOJIEKYJ Ha IIEPBOM YPOBHE 3€Ch MPOUCXOIUT
YMEHBLICHHE YKCiIa MOJIEKYJI Ha BTOPOM ypOBHE. UNCIIO aKTUBHBIX MOJIEKYJI B 3TOM
clly4ae paBHO

%(Nz_N3)+N1_N2- 3)

#K3T®. 1955. T. 28, Bbin. 2. C. 249-250.
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Fig. 1 Fig. 2

The methods we proposed can be used, for example, in the following cases.

(i) Levels 1 and 2 are adjacent rotational levels belonging to the same vibra-
tional state of molecules, while level 3 belongs to the adjacent vibrational state of
the molecule, the rotational quantum number of this level differing from the rota-
tional quantum number of levels 1 and 2 by A =0, £1.

It is convenient to use the AJ = %1 transitions between the vibrational levels,
because in this case not very stringent requirements are imposed on the monochro-
macity of additional radiation. Because the transitions between the vibrational lev-
els of most molecules fall into the infrared region, the additional radiation should
belong to this frequency range. Note that the power of the presently existing infra-
red thermal sources is insufficient for obtaining the saturation effect.

(i1) Levels 1, 2, and 3 are the rotational levels of asymmetric top molecules.

(ii1) Levels 1 and 2 are the superfine-structure levels, belonging to the same
rotational state, while level 3 is the superfine-structure level of the adjacent rota-
tional level with respect to 1 to 2'.

(iv) Levels 1 and 2 are the levels caused by the inversion doubling, which be-
long to the same rotational state, while level 3 is one of the inversion levels of the
adjacent rotational state.

The above methods can allow one to obtain a sufficient number of active
molecules for creating low-frequency molecular oscillators.
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[IpennoxxeHHble HAMH METOIBI MOTYT OBITh HCIOJB30BaHBI, HAIpUMEpP, B
CIIEAYIOIIUX CITydasiX.

1. YpoBuu 1 1 2 ABISAIOTCS COCEAHUMHE BpallaTeILHBIME YPOBHSIMU, TTPHUHAI-
JISKAIIUMH OJTHOMY M TOMY e KOJIe0aTeIbHOMY COCTOSIHUIO MOJIEKYII, @ YPOBEHb 3
MPUHAJIEKHUT COCEAHEMY KOIeOAaTEJIbHOMY COCTOSIHUIO MOJIEKYJBI, PHYEM Bpa-
mjaTeIbHOe KBAHTOBOE YHICIIO 3TOTO YPOBHS OTIMYAETCS OT BpamlaTelbHOTO KBaH-
TOBOTO yKcina ypoBHe# 1 u2 Ha A =0, +1.

Y100HO MONB30BAaTHCS MEPEXOJaMH MEXKIY KoiIeOaTelnbHBIMH YPOBHSAMH C
n3MeHenueM AJ = £1, Tak Kak B 3TOM Clly4yae NPEIbsBIIAIOTCS HE CIUIIKOM BbICO-
Kre TpeOOBaHMSA K MOHOXPOMATHYHOCTH BCIIOMOTATEBHOTO M3ITydeHHus. Tak Kak
MepexoIbl MKy KoJieOaTebHBIMKI YPOBHSIMHU OOJILIIMHCTBA MOJIEKYJI MOMAaioT B
nH}PaKpacHylo 00JIaCThb CIEKTPa, TO BCIOMOIAaTENbHOE M3IIyYeHHE JIOJDKHO IpH-
HaJJIeXaTh K 3ToW obmactu yactoT. ClieyeT 3aMeTHTh, YTO MOITHOCTh TEIJIOBBIX
HUCTOYHUKOB MH(PAKPACHOTO U3ITyUEHHs CYIIECTBYIOIICH B HACTOsIIEE BpeMsl KOH-
CTPYKLMHU HEAOCTATOYHA AJIS MONTyueHHs 3P QeKTa HACHILICHUSI.

2. YpoBHu 1, 2 u 3 SBISIOTCS BpallaT€IbHBIMU YPOBHSIMH MOJIEKYJ THUIA
ACUMMETPHUYHOTO BOJTUKA.

3. YpoBHu 1 U 2 ABAAIOTCS YPOBHSAMHU CBEPXTOHKOH CTPYKTYpBI, IpHHAIE-
KalIMMU OJHOMY M TOMY >K€ BpAaIaTeIbHOMY COCTOSIHHIO, a YPOBEHb 3 sIBISIETCS
YPOBHEM CBEPXTOHKOW CTPYKTYPBI COCETHET0 BpAIlaTeIbHOTO YPOBHS MO OTHOIIIE-
o k 1 u 2",

4. YpoBHu | U 2 SBISIOTCS YPOBHSIMH, OOYCIIOBICHHBIMA WHBEPCHOHHBIM
YABOEHHEM, IPUHAANEKAIMMHA OJHOMY U TOMY K€ BpalllaT€IbHOMY COCTOSIHHIO, a
YPOBEHb 3 SBISETCS OJHUM U3 HHBEPCHOHHBIX YPOBHEH COCETHETO BpalaTelbHOTO
COCTOSTHHS.

[IpenyosxeHHbIE METOABI MOTYT MO3BOJIUTh MOJYYUTh AOCTaTOYHOE YHUCIO aK-
THBHBIX MOJIEKYJI B LIEJISIX CO3/1aHMSI HU3KOYACTOTHBIX MOJIEKYJIIPHBIX T€HEPATOPOB.
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The fine structure of the spectrum of the paramagnetic
resonance of the ion Cr¥* in chromium corundum?
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Submitted February 26, 1955

The paramagnetic resonance of chromium slats has been studied mostly in
alums. The crystalline electric field, acting on a chromium ion in these combina-
tions, has trigonal symmetry, and creates the splitting of two Kramers spin doublets
(in the absence of an external magnetic field) in the interval from 0.12 to 0.18 cm ',
depending on the type of alum [1].

We have investigated the spectrum of the paramagnetic resonance in a strong
solution Al,O3—Cr,O; (chromium corundum), at a chromium concentration of 0.05 %.
Earlier, this combination was investigated by Kashaev [2]; however, the author
failed to explain the spectrum observed by him. We investigated the above-named
combination at two frequencies, v; = 11970 MHz and v,= 8960 MHz, at room
temperature.

Chromium corundum represents a uniaxial crystal. When the axis of symme-
try of the crystal is parallel to the direction of the applied external magnetic field, a
fine structure of the spectrum of paramagnetic resonance is observed, consisting of
three lines which correspond to an electronic spin of Cr’" equal to 3. At the fre-

quency v,= 8960 MHz, two of the observed lines are due to the magnetic dipole
transitions M =3, <> 5, and one of the lines is due to the transition M=, <> —1;.

The transition M =—-3% <>— ), is not observed at this frequency, since the initial
splitting of the levels M =+ )4, and M =13, created by the internal crystalline elec-

tric field is greater than hv,. At the frequency v; = 11970 MHz the observed lines of
the fine structure are due to the transitions

M=¥%cY, M=YXo-Y M=-¥<-Y.

When the axis of symmetry is perpendicular to the direction of the external
magnetic field, two lines are observed at the frequency v,= 8960 MHz, and four
lines at the frequency v;= 11970 MHz. Here in agreement with theory, the relative
intensities of the lines depend on the angle between the axis of symmetry of the
crystal and the direction of the radiofrequency field.

Assuming that the chromium ion is acted on by an electric field with trigonal
symmetry, the observed spectrum may be described with the aid of the following
Hamiltonian [1]:

# Sov. Phys.-JETP. 1955. Vol. 1. P. 611.
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ToHKas CTPYKTypa CreKTpa napaMarHMTHOro pe3oHaHca
noHa Cr** B xpomosBom kopyHae*

A.A. MaHeHKkoB, A.M. lNMpoxopos

dusnyecknin MHCTUTYT uM. IN.H. Jlebepesa Akagemumm Hayk CCCP
Moctynuno B peaakuuto 26 despans 1955 .

[TapamMarHUTHBIN pe30HAHC XPOMOBBIX COJIEH HanOOJee XOpPOIIOo M3y4eH Ha
KBaclax. DJIEeKTpUUeCKoe KPUCTAJUINYECKOE I0JIe, AEHCTBYIOIIee Ha HOH XpoMa B
9THX COEIMHEHMSX, UMEET TPUTOHAIBHYI0 CHUMMETPUIO M CO3[AET paclIeNIeHHe
IBYX KPaMEpPCOBBIX CIIMHOBBIX JyOJI€TOB (B OTCYTCTBHE BHEIIHETO MAarHUTHOTO I10-
ns) B uHTepBaie ot 0,12 10 0,18 cM ' B 3aBUCHMOCTH OT THIA KBacLoB [1].

Hamu Obu1 MiccnenoBaH CIEKTp MapaMarHUTHOTO Pe30HAHCa B TBEPIOM pac-
tBOpe Al,O3—Cr,0; (XpoMoBbIi KOpYHA) mpu KoHLeHTpauuu xpoma 0,05 %. Panee
3TO COeAMHEHHE OBLIO MCCIe0BaHO B paboTe [2], 0qHAKO aBTOPY HE yIanock 00b-
SICHUTH HaOJIOJaBIIUICA UM CHEKTp. MBI HCClle1oBali Ha3BaHHOE COEJUHEHHE Ha
IBYX dacTorax, vi= 11970 MI'm u v, = 8960 MI 11, mpxt KOMHaTHOH TeMIepaType.

XpOMOBBI KOPYHJ MpeAcTaBisieT co0oil omHOOCHBIN KpucTayul. Korma ock
CUMMETPHM KpHUCTaJla MapajuleJbHa HANpPaBICHUIO TPHIOKEHHOTO BHEIIHETO
MarHUTHOTO TIOJISl, HAOMIOAAETCSl TOHKAs CTPYKTypa CHEKTpa MapaMarHUTHOTO pe-
30HAHCa, COCTOSINAS M3 TPEX JIMHHUM, YTO COOTBETCTBYET 3JEKTPOHHOMY CIIHMHY
Cr3+, paBHOMY % Ha gactote v, = 8960 MI'i nBe HaOmoMaeMble TUHUH 00YCIIOB-

JIeHbI MarHUTHBIMH JIUIIOJIBHBIMH TiepexoqaMu M = % <> ¥, 1 onHa JuHHA — Tie-
pexogoM M =Y, <> —1. Tlepexox M =—3% <>—)5. Ha 91Ol yacTore He HAOIIO-
JaeTcsl BCIEACTBUE TOTO, YTO Ha4YalbHOE pacllerieHne ypopHe M =+ u +3%,

CO3aHHOE BHYTPEHHUM JJIEKTPHIECKUM KPHCTAIUTMYECKUM IT0JIeM, OosbIe /v,. Ha
gactote v; = 11970 MI'y HaGnromaeMble IMHUM TOHKOM CTPYKTYPBI 00YCIIOBIEHBI
nepexoaamMu

M=¥oh M=Yho-Y, M=-¥%o-).

Korma ock cumMmeTpun epneHANKYIISIPHA HAIPABICHUIO BHEITHETO MarHUT-
HOTO TIOJISI, HAOFOMAIOTCS JBE JIMHUK Ha 4yacTtoTe 8960 MI'll u ueThipe JTUHUM Ha
yactore 11970 MI'1. Ilpu sToMm, B coriaacuul ¢ Teopuei, OTHOCUTEIbHbIC HHTEHCUB-
HOCTH JIMHHUM 3aBUCAT OT yTiia MEXAY OCBI0 CHMMETPHH KPUCTAJIa M HAIPaBIICHU-
€M PaIuo4acTOTHOTO OIS,

IIpeanonarasi, 4To Ha MOH XpoMa AECHCTBYET JJIEKTPUUYECKOE IOJIE TPUTO-
HaJIPHON CHMMETPHH, MOXXHO OIHCATh HAONIOMAaeMBId CIEKTP MPH ITOMOIIH CJie-
IyIoIero raMunbToHnana [1]:

# X3T®. 1955. T. 28, Bbin. 6. C. 762.
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=D[82- S5 +D)|+ g pHS. +g p(HS. +HS,).

where D is a constant characterizing the splitting of the levels in the crystalline
electric field, S is the electron spin, S‘X, S‘y, .§Z are the components of the spin opera-

tor, gy and g, are spectroscopic splitting factors corresponding to parallel and per-
pendicular orientation of the crystal with respect to the external magnetic field,
f is the Bohr magneton, and H,, H,, H. are the components of the magnetic field
intensity.

The initial splitting of the spin levels in the absence of the magnetic field |2D|
was found to be 0.3824 cm™' which exceeds the splitting in alum by more than a
factor of two. The g-factors are gj=1.984 + 0.0006, g, = 1.9867 £ 0.0006.
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=D 82 S(S+D]+gpHS. +g p(HS.+H3,).

rae D — KOHCTaHTa, XapaKTepHu3yIolas pacileljeHHe YPOBHEH B 3JIEKTPHUUECKOM
ToJIe KpUCTawia; S — JJICKTPOHHBI cnuH; S, S, S, — OIepaTopbl KOMIOHEHT

CHMHA; g U g, — (aKTOPHI CIIEKTPOCKONMMYECKOTO PACIIETIIICHHSI, COOTBETCTBYIO-
1IMe HapajyieIbHON U MepHeHIuKyIIpHON OpHEHTallMM KpHCTaljla OTHOCUTEIBHO
BHEIIHETO0 MarHUTHOTO MoJjs; f — maraetod bopa; H,, H,, H, — cocraBusiormiue
HaNpsHKEHHOCTH MarHUTHOTO TIOJISL.

HavanpHoe paciieruieHue CIMHOBBIX YPOBHEW B OTCYTCTBHE MarHUTHOT'O TO-
ns [2D| oxazanock pasHeM 0,3824 cM ', uTo Gonee ueM B 2 pa3a MPEBBIIIACT pac-
LIEIUIEHUE B KBaclax, a g-(haKTopbl PaBHEI

g =1,9894%0,0006, g, =1,9867+0,0006.

JIutepatypa

1. B. Bleaney, K.W.H. Stevens. Rep. Progr. Phys. 1953. Vol. 16. P. 108.
2. C.-XT. Kawaes. Juccepranus. MonotoBckuil yH-T, 1954.

A.A. MaHeHkoB 1 H.B. Kapnos, 1976 r.
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Molecular amplifier and generator
for submillimeter waves®*

A.M. Prokhorov

P.N. Lebedev Physics Institute, USSR Academy of Sciences
Submitted April 1, 1958

In the present paper we consider the possibility of constructing a molecular
amplifier and generator (MAG), for waves shorter than 1 mm, using ammonia
molecules. The rotational transitions of the NH; molecules lie in the wavelength re-
gion below 1 mm. These transitions can be used to construct the MAG. The rotational
transitions are sorted out at the same time as the inversion levels, viz.: molecules in
the lower inversion level are sorted out by passing the molecular beam through a
quadrupole condenser. The system of rotational-inversion levels after sorting is given
in the figure for /=3, 2, 1, and 0 and for K = 0. Levels which are not occupied by
molecules are shown by dotted lines. The solid arrows show transitions increasing
the energy of the incident radiation; dotted arrows show those absorbing energy.

An amplifier can be constructed using a device in which the radiation coming
from one horn crosses a number of molecular beams and falls on a second horn. If
the average density of the number of active molecules is equal to N, the coefficient
of negative absorption is determined by the equation

a =87V |1, N/ hcAv, ()

where v is the frequency of the transition, u,, the dipole-moment matrix element,
Av the line width, & Planck’s constant, and c the velocity of light.

If the power of the radiation leaving horn 1 is equal

J=3rx_ :_ to Py, the power after passing a path / and entering horn 2

rises to Py=Pye”. Let v=6x10"Hz (1=0.5mm),

ltmn” = 2x107°, Av=5x10’ Hz, and N=10"" cm™. Then

a=1cm'. If =10 cm, P;/Py=2.2x10". The maximum

power which such a beam can produce is about one

_____1 ______ +

' microwatt. To construct a molecular generator one can
v _ use two plane-parallel mirrors as the resonator. If the dis-
J=lox X 4-- +  tance between the mirrors is /, the reflection coefficient of
J—0 vy _ the mirrors is k, and we assume that energy losses of the

———————— --—- 4+ p]ane waves occur Only upon reflection from the mirrors,
The rotational spectrum the O-factor of such a system is equal to
of NH; for J=3, 2, 1, 27l -1
and 0, and for K =0 Q:_ﬂ (l_k) . (2)

#Sov. Phys.-JETP. 1958. Vol. 7. PP. 1140-1141.
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O MOJIeKyNIApHOM ycunuTene n reHeparope
Ha Cy6MMUANMMETPOBbIX BONHaX"®

A.M. lpoxopos

dusnyecknin MHCTUTYT uM. IN.H. Jlebepesa Akagemumm Hayk CCCP
Moctynuno B pegakuuto 1 anpens 1958 r.

B nacrosimieit paboTte paccMaTpuBaeTcs BO3MOKHOCTD CO3JaHUSI MOJIEKYJISIp-
HOTO ycunuTens u reneparopa (MYI') Ha BoiaHax Kopoue | MM C HCIIOIB30BaHHEM
MOJICKYJ aMMHaka. BpamarenpHbie mepexoisl Monekyn NH; siexar B obOmactu
BOJIH KOpoue 1 MM. DTH TIepeXoibl MOTYT OBITh UCIIOJIBL30BAHbI 11 co3aanus MVYT,
CopTupoBKa BpalllaTEIbHBIX MEPEXOA0B OCYIIECTBISETCS OAHOBPEMEHHO C COPTH-
POBKOM MO MHBEPCHOHHBIM YPOBHSIM — MOJIEKYJIbl, HAXOSIIMECS HA HUKHEM HH-
BEPCHOHHOM YPOBHE, OTCOPTUPOBBIBAIOTCS MPH MPOIMYyCKAHUU ITyYKa MOJICKYJ Yepe3
KBaJApYNOJbHBIN KoHAeHcaTop. CHucTeMa BpallaTelbHO-UHBEPCUOHHBIX YpOBHEH
MocIie COPTUPOBKHU M300pakeHa Ha puc. 1 g J=3, 2, 1, 0 u K = 0, nmpuuem ypos-
HU, Ha KOTOPBIX HET MOJEKYJ, MOKa3aHbl MyHKTHPOM. CIUTONIHBIMU CTPEITKAMU
yKa3aHbl MEPEXObl, YBEIUUMUBAIOIINE YHEPTHIO MAJAIONIET0 M3TyYCeHUS, a MyHK-
TUPHBIMU — MOTJIOIIAIOIINE U3ITyUCHHE.

g co3maHus yCHIIMTENsT MOXKHO HCIIONIb30BaTh YCTPOMCTBO, B KOTOPOM H3-
JydeHUEe, BBIXOJS U3 OJHOTO pymnopa, MepeceKaeT psl MOJICKYJSPHBIX ITyYKOB U
nonaaaer B Apyroi pymop. Eciau cpeaHssi IUIOTHOCTh YMCIa aKTUBHBIX MOJIEKYJI
paBHa N, To KO3 (DUIIMEHT OTPUIIATETFHOTO MOTIIOMICHHUS OTIpenesieTcss (opMyITon

a =87V |y, "N/ hcAv, (1)

[I€ V — 4YacToTa MEPeX0a, [, — MAaTPUUHbII 3JIEMEHT
JTUTIOTEHOTO MOMEHTa, Av — INMWpWHA JUHUH, i — TI0- J=3rF —— —
Y +

crosiHHas 1lmanka, ¢ — CKOpOCTh CBETA.
Ecnu Ha BbIXOAE pymopa 1 MOUIHOCTH U3Iy4YEHUS
paBHa Pj, TO Ha BX0/Jle pyrnopa 2 1ocie MpoXoXaAeHus my-

TH [ MOLIHOCTb BO3PACTAaeT M CTaHET paBHOH Py =Pye”. j=» -
Mycrs v="6-10" T (1=0,5MM), |l =2-10, Av= B +
=510°Tu, N=10"cm>. Torma a=1cm'. Ecim [= v _
=10cm, T0 Pi/Py=2,2-10". Makcumanbnas momuocts, J=1 EERE LR O ERS
KOTOPYIO MOKET OT/IAaTh TaKOM ITy4OK, COCTABIISET OKOJIO Y
1 MxBr. [{j1st co3anust MOJIEKYJIAPHOTO FeHepaTopa B Ka- =0 ---- +

YECTBE PE3OHATOPA MOXKHO HCIOIb30BATh [IBA IUIOCKOMA-  Pye, |. BpamatebHblii
pajuIeNnbHBIX 3epKana. Eciu paccrosHue MExKIy 3epKana-  crmextp NH; mwms J=3,
MU paBHO / 1 KOO PUIMEHT OTpakeHHs OT 3epKayia paBeH 2,1, 0u K=0

# XX3T®. 1958. T. 34, Bbin. 6. C. 1658-1659.
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If I=1cm, A=0.05cm, £=0.95, then O =2400. However, energy losses occur
also because the wave is not plane but has an angular spread 260 = A/D, where D is
the linear dimension of the mirror. Because of this effect, the energy P, after n re-
flections will be

2
n=n(1+22]" G

The quantity n/ is the path traversed by the wave during the n reflections. This time
is equal to 7= nl/c.

If we know the Q-factor of the system, the time in which the power decreases
by a factor e is equal to 7= Q/2zv. During this time the wave traverses a path
nl = cr; if O = 2400, and v = 6x10"' Hz, n/ =21 cm.

If D=3 cm, we get from (3) P, = 0.8P,, i.e., in our case the losses during re-
flection play the dominant part.

The condition for self-excitation can be written in the form

ke® >1. “4)

If a=1cm’, [=1cm, k=0.95, condition (4) is satisfied by a wide margin. If
" > 1, self-excitation occurs for small k.

H.I". bacos
N.G. Basov
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k (cumTast, 9TO TOTEPH PHEPTUH TUIOCKOH BOJIHBI IPOUCXOIAT TOJIBKO MPU OTpasKe-
HUH OT 3epKajia), TO JOOPOTHOCTh TAKOW CUCTEMBbI paBHA

27l -1
Q=—"—(1-k) . )

Ecmm [=1 cm, 1= 0,05 cm, k= 0,95, To Q = 2400. OnHaKO MOTEPH SHEPTUU MTPOUC-
XOAAT TaKKe M3-3a2 TOTO, YTO BOJIHA HE SBIISICTCS IUIOCKOH, a MMEET yrojl pacxoxk-
nenus 260 =~ A/D, rne D — nuHeiiHble pa3Mepsl 3epkana. M3-3a aToro addekra Be-
JINYMHA SHEPIuM P, 1ocie n OTpaXXEHU CTaHEeT PaBHOMI

2
a=%@+%§j. 3)

Bennuuna n/ ects myTh, NIPONHACHHBIN BOJHOW 32 BpeMs # OTPaKEHHUH. DTO BpeMs
paBHO 7 = nl/c.

Ecnu MBI 3HaeM OOPOTHOCTH CHCTEMBI, TO BpeMs, 3a KOTOPOE MOIIHOCTb
yObIBaeT B e pas, paBHO 7 = (J/27v. 3a 3TO BpeMs BOJIHA MPOKAET MyTh 1l = cT; ecnu
0=2400,av=610"T', To nl =21 cm.

Ecmu D =3 cwm, 1o u3 (3) momyvaem, uro P, = 0,8 P, T.e. B HaIlIeM CiIyJae Io-
TEpPH MPH OTPAKEHUN UTPAIOT IITaBHYIO POJIb.

YcnoBue caMoBO30YXKIICHHS 3aITUILIETCS B BHIIE

ke™ >1. 4)
Ecm a=1cm ', I=1cMm, k=0,95, ycioBue (4) 3HAUNTENHHO NEPEBHITOIHACTCS.
Ecim e > 1, caMoB030Y>KACHHE HACTYIIACT IPH HEGOIBIIHX K.

A.M. lNpoxopoB
A.M. Prokhorov
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A chromium corundum paramagnetic amplifier
and generator?

G.M. Zverev, L.S. Kornienko, A.A. Manenkov, and A.M. Prokhorov

P.N. Lebedev Physics Institute, USSR Academy of Sciences
Submitted April 1, 1958

In reference [1] it was proposed to use a molecular system possessing three
energy levels for the construction of molecular amplifiers and generators. Later this
problem was considered in more detail as applied to paramagnetic crystals [2].
There are reports about the construction of three-level paramagnetic amplifiers us-
ing a single crystal of gadolinium ethylsulphate [3] and a single crystal of chro-
mium cyanide [4, 5]. We have investigated the possibility of constructing a para-
magnetic amplifier and generator using a single crystal of chromium corundum
(AL,O5: Cr,05). The spectrum of Cr’" in corundum was investigated in a number of
papers [6-9]. The Cr’" ion in corundum is in an axial electrical field which splits the
spin quadruplet of the lower orbital singlet level into two doublets, the distance be-
tween which is equal to 2D =—0.3824 cm . The spin-lattice relaxation time of Cr’*,
even at liquid nitrogen temperatures, is sufficiently long [10], ~10* s.

For a paramagnetic amplifier, we have used the levels that are characterized
by the quantum numbers M =%, + 4 when the crystalline axis is oriented parallel

to the constant external magnetic field. If the axis of the crystal is turned, the states
mix and transitions between all three levels become allowed. The levels
M=-Y, Y were used for amplification, and

a b ¢ the auxiliary radiation excited transitions be-
tween the levels M=, -%. The frequency

at which emission (or generation) occurred
was ~3000 MHz and the frequency of the
auxiliary radiation ~15000 MHz.

In the figure we show photographs of
the line corresponding to the -} <>+}%

transition at a frequency of 3000 MHz, as a
function of the power level of the auxiliary
radiation. It is clear from the photographs
diation P, Fig la corresponds to how the .abso-rption line (1a) goes over into
Pux=0. Fig. lc corresponds to a an emission line (1c¢) when the power of the
value of P, at which saturation is auxiliary radiation is increased. At 7'~2K,
reached. Fig. 15 corresponds to an in-  the system became self-excited and acted as
termediate case a generator.

Fig. 1. Photograph of the M=% — 1}
absorption line at 3000 MHz for dif-
ferent power levels of the auxiliary ra-

#Sov. Phys.-JETP. 1958. Vol. 7. PP. 1141-1142.

40



MapaMarHUTHbIN yCuanTenb U reHepartop
Ha XpOMOBOM KopyHAae*

r.M. 3eepes, J/1.C. KopuneHko, A.A. MaHeHkoB, A.M. lNpoxopos

dusnyecknin MHCTUTYT uM. IN.H. Jlebepesa Akagemumm Hayk CCCP
Moctynuno B pegakuuto 1 anpens 1958 r.

B [1] ObU10 IpeAIoKEHO HCIIOIB30BaTh MOJICKYJIIPHYIO CUCTEMY, HMEHOIIYIO
TPH SHEPreTHUECKUX YPOBHS, Ul CO3/IaHMsI MOJICKYJISIPHBIX yCHJIMTENEH U TeHepa-
TopoB. Ilo3nHee 3ToT Bompoc ObuT Oonee AETAIBHO PacCMOTPEH B NMPUMEHEHUU K
MapaMarHATHBIM Kpuctamwiam [2]. UMeroTcs cooOIeHns o MoCcTporKe TpexypoBHe-
BBIX MMapaMarHUTHBIX YCHJIUTENCH C HMCIIOJIb30BAHUEM MOHOKDPHUCTAJIIA JTHIICYIIh-
(dara ragonuHus [3] 1 MOHOKpPHCTA/UIa XpOMOBOIO nuanuaa [4, 5]. Hamu Oblia uc-
ClleIoBaHa BO3MOXXHOCTb CO3JaHHs MapaMarHUTHOTO YCHIIMTENS M T'eHepaTopa ¢
HCIIOJIb30BaHHEM MOHOKPHCTAILIA XpOMOBOro KopyHaa (ALO;: Cr,0s). Crextp Cr'*
B KOpYH/IE HccienoBancs B pajge pador [6-9]. Mon Cr’’ B kopyHIe HaXoauTCs B
AKCHAJIbHOM D3JICKTPHUUYECKOM T10JIe, KOTOPOE paCIIeIUIsieT CIHHOBBIA KBapyILIeT
HW)KHETO CHHIJIETHOTO OpOUTAIILHOTO YPOBHS Ha JiBa JyOJieTa, pacCTOSHUE MEXITY
KOTOpPEIMH paBHO 2D =—0,3824 cm'. Bpems cnmH-permerousnoii penakcamun Cr
ke TpH TEMIIEpaType JKHIKOTO a30Ta SBJSETCs JOCTATOYHO UIHMHHBIM ~107* ¢
[10].

Jiist mapaMarHUTHOTO YCHIIATENSI MBI
WCTOJIb30BAIM YPOBHHU, KOTOpPHIE B Cllydyae
napajiebHON OpHUEHTAall OCH KpHCTallia
OTHOCHUTEJILHO BHEIHETO MOCTOSIHHOTO Mar-
HUTHOTO TIOJSI XapaKTePHU3YIOTCS KBAHTOBHI-
mu urcnamu M =¥,, + ;. TIpu noBopoTe ocu

KpUCTaJUIa COCTOSIHHMSI IEepPEMELINBAIOTCS U
CTaHOBSTCS pa3pelIeHHBIMU MEPEXO0bl MEX-
Iy BCEMH TpeMmsl ypoBHAMHU. s ycuneHus
HCIIONB3YIOTCSL ypoBHE M =—Y, V| a BCHo-

Puc. 1. ®otorpaduu JMHUM TOTIIO-
wennss M=% — ), wHa wacrore

3000 MI'u npu pa3iuyHbIX YPOBHSX
MOIITHOCTH BCIIOMOTATEIFHOTO H3IY-
yerans P, Puc.la coorBercTByeT
P.., = 0; puc. 16 cooTBeTCTBYET MOII-

MOTaTeNnbHOe H3IIyYeHHe BO30Oyxkuaer mepe-
XO/BI MeX1y ypoBHsimMu M =Y, -3, Hacro-

Ta, HA KOTOPOH MPOUCXOAUT yCHIIeHHE (MIH
redepanusi), Obuta ~3000 MI'm, a wacrora

BCIIOMOTaTeNbHOro u3inyudeHus ~15000 MI .
Ha puc. 1 mnpuBenensl ¢ororpadun
JIMHHUH, COOTBETCTBYOIIHE TIEPEX0Iy — Y <>

# XXIT®d. 1958. T. 34, Bbin. 6. C. 1660-1661.

HOCTHU Py, IpU KOTOPOW AOCTUTAETCA
a¢dekT HachlleHus; puc. 16 cooT-
BETCTBYET MPOMEKYTOYHOMY CITyUaro
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Detailed data on the operation of the constructed amplifier will be published

later.

The authors express their gratitude to Prof. A.L. Shal’nikov for his assistance

with the performance of the experiments at low temperatures.
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.M. 3Bepes, J/1.C. KopHuneHko, A.A. MaHeHkoB, A.M. poxopoB

<+ )4 Ha yactore 3000 My B 3aBUCHMOCTH OT YPOBHS MOIIHOCTH BCIIOMOT'a-

TenbpHOro m3nyudeHusa. M3 dororpaduit BugHO, Kak auHUS mornomeHus (puc. la)
[IEPEeXOAUT B JIMHUIO UCTycKaHus (puc. 16) npu NOBBIIEHUH MOLIHOCTU BCIIOMOTa-
tenbHoro manydenus. [lpu T~ 2 K cucrema camoBo30yxanace U paborana Kak
reHeparop.

[TonpoGHBIEe maHHBIE 0 pabOTE MOCTPOSHHOTO YCHIUTENS OyIyT OITyOIHKO-
BaHbI O3]THEE.

ABTOpPBI BBIpaxkaloT OnmaromapHocTs mpod. A.U. IllanpHukoBy 3a TOMOLIb
[IPY IPOBEJCHMH 3KCIIEPUMEHTOB IIPH HU3KUX TeMIIEpaTypax.
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Quantum-mechanical semiconductor generators
and amplifiers of electromagnetic oscillations’

N.G. Basov, B.M. Vul, and Yu.M. Popov

P.N. Lebedev Physics Institute, USSR Academy of Sciences
Submitted May 18, 1959

In the present note we consider the possibility of using the electronic transi-
tions between the conduction band (valence band) and the donor (acceptor) impu-
rity levels of a semiconductor to obtain electromagnetic radiation assisted by the
phenomenon of stimulated emission in a fashion similar to that which takes place in
the molecular generator [1].

To make semiconductor generators and amplifiers, one needs to obtain such a
distribution of electrons (holes) in the conduction (valence) band as would exist if
the effective temperature of the conduction electrons (holes) relative to the ionized
donors (acceptors) were negative. Such a semiconductor has negative losses at the
frequency corresponding to transitions of electrons (holes) from the conduction (va-
lence) band to the impurity level. Therefore, on irradiating a semiconductor in the
condition described above with an electromagnetic wave, it is possible to obtain
amplification of this wave due to the quanta of stimulated emission. Further, on ful-
filling certain conditions (the conditions of self-excitation), such a device can func-
tion as a generator.

To obtain negative temperatures it is proposed to use the impurity ionization
mechanism which operates in a semiconductor specimen at a low temperature when
an electric field pulse is applied.

The peak voltage of the pulse is chosen so that impact ionization of the impu-
rity atoms or direct field-extraction results. Thus, the number of electrons (holes) in
the conduction (valence) band increases sharply, so that practically all the impurity
atoms are ionized. Provided the decay of the voltage pulse is sufficiently rapid, all
the electrons (holes) fall to the lowest energy levels of the corresponding band. The
electron (hole) density and the crystal temperature should be chosen so that in the
conduction (valence) band a state is thus created which is almost degenerate and
which is equivalent to a negative temperature relative to the donor (acceptor) levels.

The state of negative temperature will be preserved for the relaxation time of
the electrons (holes) with the vacant impurity levels. For impurity contents suffi-
ciently small compared with the number of atoms in the crystalline lattice, the life-
time 7, of conduction electrons (holes) will be much larger than the time 7; between
collisions of the electrons (holes) with the lattice. The time 7, can be controlled by

# Sov. Phys.-JETP. 1960. Vol. 10. P. 416.

The present work was registered with the Committee on Discoveries and Inventions of
the Council of Ministers of the U.S.S.R., with priority date July 7, 1958.
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KBaHTOBOMeXxaHU4Yeckue nonynpoBOoAHUKOBbIE reHepaTopbl
M YCUINTENN 3N1EeKTPOMarHMTHbIX kone6aHunn®

H.r. bacos, .M. Byn, FO.M. lNonos

dusnyecknin MHCTUTYT uM. IN.H. Jlebepesa Akagemumm Hayk CCCP
Moctynuno B pegakuuto 18 masa 1959 r.

B HacTos11ei 3ameTke paccMaTpUBaeTCss BO3MOKHOCTh MCTIOIB30BAHUS JJEK-
TPOHHBIX MEPEXOJ0B MEXIY 30HON MPOBOJUMOCTH (BaJEHTHOW 30HOW) M JOHOp-
HBIMH (AKIIETITOPHBIMHU ) MTPUMECHBIMU YPOBHSMH TOYIPOBOIHUKA IS TIOTYUCHHUS
3NEKTPOMArHUTHOTO M3JIYYEeHHUS C TIOMOINBI0O MEXaHW3Ma MHIYIHPOBAHHOTO H3ITY-
YeHUs Mof00HO TOMY, KaK 3TO UMEET MECTO B MOJIEKYJIIPHOM TeHepaTope [1].

Jns ocylecTBiIeHUs MOMYNPOBOJHUKOBBIX T'€HEPATOPOB U YCHIIMTENEH He-
00X0IMMO TIOJIyYUTh TaKOE€ paclpeiesieHHe 3JIEKTPOHOB (ABIPOK) B 30HE MPOBOIH-
MoOCTH (BaJIeHTHOU 30He), Koraa 3¢ dekTuBHas TeMnepaTypa IeKTPOHOB MPOBOIHU-
MOCTH (ABIPOK) TIO OTHOIIEHHUIO K HOHU30BAHHBIM JIOHOPaM (aKLenTopam) sBISeTCS
oTpunaTeabHoN. Takoil MOTyIPOBOMHUK 00JIaaeT OTPHUIATSIIEHBIMU TIOTEPSIMHU Ha
4acTOTE TEPEX00B ICKTPOHOB (IBIPOK) M3 30HBI MPOBOAMMOCTH (BAJIICHTHON 30HBI)
Ha NpHUMECHBII ypoBeHb. [loaToMy mpu oOiyueHMH HaxXOISIIETOcsd B YKa3aHHOM
BBIIIIE COCTOSIHUU HOJYHPOBOAHUKA 3JICKTPOMArHUTHON BOJHON MOXXHO NOJIYYHThb
yCHJIEHHE 3TOM BOJIHBI 32 CUET KBAaHTOB MHIYLIMPOBAaHHOTO HclyckaHus. bonee To-
ro, MpHU BBINOJHEHHUH HEKOTOPBIX YCIOBHH (YyCIOBHH caMOBO30Y)KICHHS) TaKou
npuboOp MOXKET paboTaTh Kak TeHepaTop.

[ monydeHns OTpULATENbHBIX TeMIepaTyp MpeiaraeTcs HCIOIb30BaTh
MEXaHM3M HOHH3ALWHU TPUMecel MOIyNpPOBOIHUKOBOTO 00pasiia, HaXOIAIIETOCS
IIPY HU3KOH TeMIeparype, o ASHCTBHEM HMITYJIbCa 3JIEKTPUUECKOTO TOJS.

[IukoBOE HamNpsDKEHHE HMITYJIbCAa BBIOMPAETCS] TaKUM, YTOOBI BBI3BAThH ynap-
HYI0 HOHH3AIIUIO aTOMOB IIpUMeCEH M HEMOCPEACTBEHHOE BBIpbIBaHKE ToseM. [Ipn
3TOM KOJIMYECTBO 3JIEKTPOHOB (ABIPOK) B 30HE MPOBOJAMMOCTH (B BaJICHTHOW 30HE)
pPE3KO BO3pACTaeT, TaK YTO MPAaKTUYECKU BCE aTOMBI IPUMeEceil OKa3bIBatOTCS MOHU-
30BaHHBIMH. [Ipn mocTaTouHo OBICTPOM CITaaHWHM HANPSHKEHHS MMITYJIECa BCE DJIeK-
TPOHBI (ABIPKK) TIepeiinyT Ha HanOoee HU3KUE SHEPTETUUECKHE YPOBHU COOTBETCT-
ByrowIel 30HbL. [IOTHOCTE 3JIEKTPOHOB (IBIPOK) U TeMIEpaTypa KpUCTajlIa JOJDKHBI
OBITh BBIOpAHBI TAKUMHM, YTOOBI B 30HE IPOBOJMMOCTH (BaJICHTHOH 30HE) CO3/1aBa-
JIOCH MIPU 3TOM COCTOSTHHE, OJIN3KOE K BBIPOXKICHHUIO, YTO SKBUBAJIEHTHO OTPULIATEIIb-
HOM TeMIlepaType MO OTHOIIEHHUIO K TOHOPHBIM (aKIENTOPHBIM) YPOBHSIM.

CocrosiHUE C OTPUIATEIILHON TeMIIepaTypoi OyleT cOXpaHSThCs B TEUCHHE
BPEMEHH peNlaKCaIliH SIEKTPOHOB (IBIPOK) ¢ BAKAHTHBIMU PUMECHBIMHU YPOBHIMH.

# 3T®. 1959. T. 37. C. 587-588.

HacTtoswas pabota 3apernctpupoBaHa KoMuTeToM no AenaMm uU3obpeTeHun U OTKPbITUIA Mpu
CoseTe MuHuctpoe CCCP c npuoputetom 7 uionga 1958 r.

45



N.G. Basov, B.M. Vul, and Yu.M. Popov

the impurity concentration. During the interval 7, the system may be used as a gen-
erator or amplifier of electromagnetic oscillations. The oscillation frequency is de-
termined by the position of the impurity energy levels relative to the bands. The
original spectral line breadth is determined by the energy spread of the occupied
levels in the main bands.

For the system to work as a generator it is necessary to satisfy the conditions
of self-excitation, which involve the choice of the transmission and reflection coef-
ficients of the waves at the specimen boundary [2, 3]. Reducing the surface reflec-
tion coefficients or the dimensions of the specimen can change the system from a
generator into an amplifier.

Every pulse of the external voltage will be accompanied by the formation of
a state of negative temperature; thus such a system will function in a pulsed manner.

The operating principle in quantum-mechanical semiconductor generators
and amplifiers using electronic transitions between two different bands will not dif-
fer from that discussed above, since in this case also two characteristic times, 7; and
T, EXist.
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[Ipu conepxaHuu mpruMecei, J0CTaTOYHO MaJIOM II0 CPABHEHHUIO C YHCIIOM aTOMOB
pEIIeTKH KPUCTAIIa, BPeMs JKU3HH 3JIEKTPOHOB TPOBOIUMOCTH (IBIPOK BaJIEHTHOM
30HBI) 7> 3HAYUTEIHHO OOJIBIIE BPEMEHU 7] MEXKIY CTOJKHOBCHHSMHU DJICKTPOHOB
(mpIpoK) ¢ pemteTkoil. Bpems 7, MOXKeT OBITh PETYJIUPYyEeMO KOHIEHTpAIHel npume-
ceil. B TeueHue BpeMeHU 7, CHCTEMa MOXET OBITh UCIIOJIb30BaHA B KayeCTBE Te-
HEpaTopa WM YCHUJIHUTENS JJICKTPOMAarHWTHBIX KojeOaHuii. YacToTa KoneOaHwMiA
oTIpe/ieNIsieTcs HYHEPreTHYeCKUM IIOJIOKEHHEM YPOBHEH NpHUMecedl OTHOCHUTEIHHO
OCHOBHBIX TOJI0C. VIcXomHas MIMpUHA CHCKTPAIbHON JMHUK ONPEACIACTCS IIUPH-
HOM SHEPreTHYECKOM MOJIOCH 3aHATHIX YPOBHEH B OCHOBHBIX 30HAX.

Hus toro 4roObl cucTeMa paboTana B peXHMe TeHepaluH, HeOoOXOIMMO
YIOBJIIETBOPUTH YCIOBUSAM CaMOBO30YXICHHSI, YTO CBSI3aHO ¢ To00poM Kodddu-
LIUEHTOB MPOXOXKICHUS M OTPaKCHUS BOJH Ha rpaHuile odpasma [2, 3]. YMeHbie-
HUEM KO03(QHUIIMEHTOB MOBEPXHOCTHOTO OTPaXXCHHUS WM YMEHBIIICHUEM pPa3MepOB
o0pasia MO>KHO TEPEBECTH CUCTEMY M3 peXMMa T€HEPaliy B PEXUM YCHIICHHS.

Kaxxnprii uMITyIbC BHEUTHETO HANpPsDKEHUS OyAEeT CONMpPOBOXKIATHCSA 00pazo-
BaHUEM COCTOSHUSI C OTPUIIATEIHLHON TEMIIEpaTypoid, T.€. Takas cuctema OyjeT pa-
00TaTh B UMITYyJILCHOM PEKUME.

[IpuHIKI AEWCTBUS KBaHTOBOMEXaHWYECKHMX IOIYIIPOBOAHUKOBBIX T'€HEpa-
TOPOB U YCHJIMTENEH, UCTIONB3YIOMINX AIIEKTPOHHBIC TIEPEXO0bl MEXKIY ABYMS pas-
JUYHBIMHA 30HAMH, HE OyJIeT OTIMYaThCS OT PaCCMOTPEHHOTO BHINIE, TaK KaK W B
ATOM CJIy4ae CYIIECTBYIOT JIBa XapaKTEPHBIX BPEMEHU 7] U T.
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Experimental study of disk resonators
in the millimeter wavelength range*

A.I. Barchukov and A.M. Prokhorov

P.N. Lebedev Physics Institute, USSR Academy of Sciences
Submitted June 16, 1959

It was shown in [1] that a system consisting of two parallel mirrors can have
a sufficiently high O-factor at millimeter and submillimeter wavelengths:

2l o
0= 2 (1-k), (1

where [ is the distance between the mirrors, and £ is their refection coefficient. This
expression was derived under assumption that the energy is lost only upon reflec-
tions from the mirrors. It is also assumed that the wave is plane.

This paper describes the experimental investigation of disk resonators in the
wavelength range from 3 to 12.5 mm, as applied to the problems of radiospectro-
scopy (Figs. 1 and 2). The experiment shows that a system consisting of two paral-
lel mirrors is well excited both by the magnetic and electric dipoles with a suffi-
ciently high-O-factor. For example, at a wavelength of 12.5 mm, when the disk
diameter is D = 180 mm, we obtained a Q-factor of 7000 to 8000, which according
to (1) corresponds to the reflection coefficient equal to 0.999 for /= 4.

Studying the field structure showed that an
electromagnetic wave excited in the resonator is
close to a plane wave with the vectors E and H
parallel to the mirror planes. Measurements of the
wavelength in the resonator showed that the wave-
length in the direction perpendicular to the disks
coincides with the wavelength in the free space
with an accuracy of 10~°. The experiment showed
that all metal items, slightly inserted to the resona-
tor from one side, almost did not affect the reso-
nance frequency and the Q-factor. Moreover, the
resonance frequency virtually does not change if
the disks are covered by foil around the edge. The
field energy density at the disk edges decreases
significantly. The number of wavelengths fitted
along the radius can be found experimentally by
Fig. 1. A disk resonator for the inserting an open waveguide (with a detector on
wavelength range of 11to 13 mm  one of its ends) into the resonator along the radius.

¥ Radiotekh. Elektron. 1959. Vol. 4, No. 12. P. 2094-2095.
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DKCNepuMeHTaJibHOe UcciefoBaHMe ANCKOBbIX
pe3oHaTopoB B MWIJIMMETPOBOM AnarnasoHe AJIMH BONH’

A.N. bapuykoB, A.M. lNpoxopoB

dusnyecknin MHCTUTYT uM. IN.H. Jlebepesa Akagemumm Hayk CCCP
MocTtynuno B pegakuuto 16 nioHs 1959 r.

B [1] ObuIO MOKa3aHO, YTO CHUCTEMa M3 JBYX MapaUICIbHBIX 3E€PKaJl MOXKET
HUMETh JTOCTATOYHO OOJNBINYH0 JOOPOTHOCTh HA MWJIITMMETPOBBIX M CYOMUIITHMET-
POBBIX BOJIHAX, & UMCHHO

2l -1
Q_T(l_k) . (1)

rae / — paccTosHUe MEXIy 3epKajaMu, kK — KO3()(UIHEHT OTpaXKeHUs OT 3epKall.
®opmyna Moyy4eHa B MPEANOI0KEHUH, YTO MOTEPH SHEPTHUH MPOUCXOIAT TONBKO
TP OTPAXKEHUH OT 3epKail. [Ipeamonaraercsa Takxe, 4TO BOJTHA MIIOCKAS.

B nanHoi1 paboTe onmucaHo MPOBEJICHHOE aBTOPaMHU SKCIIEPUMEHTAILHOE HC-
CJIeJ0OBaHHE JUCKOBBIX PE30HATOPOB B IMAaNa30He JUIMH BOJIH OT 3 10 12,5 MM nipu-
MEHHUTENBHO K 3a/la4aM paguocnekTpockonuu (puc. 1 u 2). OmbIT MOKa3bIBAET, YTO
cUCTeMa M3 JIByX MapajulelbHBIX 3€pKal JOCTAaTOYHO XOPOIIO BO30YKAAeTcs Kak
MarHUTHBIM, TaK M 3JEKTPHUUECKUM TUIIOJISMHU C JOCTATOYHO BBICOKOH ITOOPOTHO-
ctero. Hampumep, Ha anuue BoaHbl 12,5 MM mpu auamerpe auckoB D = 180 mm
onm1a momydena mooporaocts 7000-8000, uto cormacHo (1) cooTBeTCTBYET KO3(-
(dbunmenTty otpakenwusi, pasaomy 0,999 mpu [/ = A.

HccnenoBanue cTpykTypsl MOJsS TOKa3ajo,
YTO 3JEKTPOMAarHuTHas BOJHA, BO30ykIOaeMmas B
pe3oHaTope, OIM3Ka K IIIOCKOH BOJIHE ¢ BEKTOpaMU
E u H, napayensHbIMU IIOCKOCTSM 3epkai. [Ipu
M3MEPEHUH JUTMHBI BOJIHBI B PE30HATOPE YCTAHOB-
JIEHO, YTO JUIMHA BOJHBI B HAlpaBJICHUM, MEPIICH-
TUKYJSIPHOM K JIFICKaM, COBIAJAeT C TUHOM BOJ-
HbI B CBOGOIHOM TIPOCTPAHCTBE C TOYHOCTHIO 107,
OnbIT MoKasan, 4TO METAIMYECKHE MPEIMETHI,
CJIerKa BJIBUTa€MbIE B PE30HATOP C Kpasi, MPaKTH- ; _
YeCKHU He BIMAIOT HA PE30HAHCHYIO 4acTOTy M J00-
potHOCTh. Bonee Toro, pesoHaHcHas 4acTOTa Mpak-

TUYECKH HE M3MEHSETCs, €CIIU JUCKH 3aKpPbITh IO " \
KkpasM (oseroif. ImoTHOCTE SHEPTHM TTONS K Kpasm

JIMCKA 3HAYUTENLHO CrajzaeT. Yucio JUIMH BOJNH,  Puc. 1. JIHCKOBBI pe30HATOp Ha
YKJIQABIBAIOINUXCS IO pPaguyCy, MOXHO YCTaHO-  Juamna3oH JUInH BOJIH 11-13 MM

-
]
=

* PaamMoTexHMKa U 3/1eKTpoHuKa. 1959. T. 4, N2 12. C. 2094-2095.
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Fig. 2. A disk resonator for the wavelength range of 4-8 mm

At D=180 mm and 14 =12.5 mm, only one maximum was observed. With decreas-
ing the wavelength at D = const, the number of maxima increases.

The disk resonator O-factor weakly depends on the distance between the
disks down to / = (4-6)1/2. Obviously this is explained by the fact that the radiation
losses increase with increasing the number of half-waves because the wave is not
strictly plane [1].

The Q-factor of the disk resonators strongly depends on the disk parallelism.
We found that the Q-factor noticeably deteriorated when the angle between the
disks was several minutes. We found experimentally that as the disk diameter was
increased, the number of resonances at the given wavelength became larger than the
number of half-waves (in the direction perpendicular to the disks). For example, at a
wavelength of 2.7 mm and the disk diameter of 180 mm, we found about 100 reso-
nances, while at a wavelength of 12 to 13 mm, only one resonance was observed.
We established that from this viewpoint, the optimal disk diameter should be ap-
proximately 13 to 14 times longer than the wavelength. For the disk diameters, ex-
ceeding the wavelength by 6-7 times, the Q-factor significantly decreases. At a
wavelength of 4 mm and the disk diameter 100 mm, the disk resonator Q-factor was
not worse than the Q-factor at a wavelength of 12.5 mm and D = 180 mm. We did
not measure the O-factor at wavelengths shorter than 2.7 mm; however, we can as-
sume that the disk resonators will yield a high-QO-factor at submillimeter wave-
lengths because we failed to notice that it decreases with decreasing the wave-
lengths in the region from 12.5 to 2.7 mm.

Note that with decreasing the wavelength, there appear some technical diffi-
culties in fabricating and tuning the resonators. For example, at wavelengths shorter
than 8 mm, we have to abandon the ordinary differential thread for moving the
disks in favor of hydraulic or thermal one ensuring a smoother disk movement. Ad-
ditional accessories are also required to maintain the parallelism of the disks during
their movement.

Disk resonators can find wide application not only in the submillimeter
wavelength range but also in millimeter and centimeter regions. They can be the ab-
solute wavemeters with accuracy up to 10, i.e. they can yield a better accuracy
than the measuring line. This accuracy can be increased if we introduce a correction
for the wave front curvature in the given wavemeter.
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Puc. 2. JIuckoBblif pe30HATOP HA AUAIA30H JJIUH BOJIH 4—8 MM

BUTH 3KCIIEPUMEHTAILHO IIPH ITOMOIIM BABUTAEMOTO B PE30HATOP B HAIpaBIIe-
HUM pajJiyca OTKPBITOIO BOJHOBOJA, HA JIPYTOM KOHIIE KOTOPOTrO HaXOAWTCS JETEK-
top. Ilpy D=180mm u A=12,5 MM HaOmrOmaeTcs TONBKO OAWH Makcumym. C
YMEHBIIIEHUEM JJTMHBI BOJIHBI IpU D = const Y1cI0 MAKCUMYMOB BO3pacTaerT.

J1oOpOTHOCTH AMCKOBOTO PE30HATOPA CJIA00 3aBUCUT OT PACCTOSHUS MEXTY
nuckamu 1o [ = (4—6)A/2. OueBUIHO, 3TO MPOUCXOIUT BCICICTBHE TOTO, UTO C POC-
TOM 4YHCJIa MOIYBOJIH BO3pacTaeT NOTepsl SJHEPTUU Ha U3Iy4YeHHe, TaK KaK BOJIHA HE
SIBJISIETCSI CTPOTO TUIOCKOH [1].

JloGpOTHOCTh IMCKOBBIX PE30HATOPOB B CHJILHOW CTETIEHHW 3aBUCUT OT TIa-
paNIeNbHOCTA AWCKOB. BBIIO 3aMe4eHo, YTO JOOPOTHOCTH 3aMETHO YXY.IIaeTcs,
€CIIM YTOJ MEXAy AUCKAMH COCTABIISIET HECKOJIBKO MUHYT. DKCIIEPUMEHTAIBHO yC-
TaHOBJICHO, YTO NPHU YBETUYEHUU TUAMETPa JHCKOB IPH 3aJaHHOHN AJIMHE BOJIHBI
YHCJIO PE30HAHCHBIX BHIOPOCOB CTAHOBUTCS OOJIBbINE YHCIIA MOTYBOJH (B HampasJie-
HUM, TIEPIECHANKYJIIPHOM K Juckam). Hanpumep, nipu JutnHe BOJHEI 2,7 MM H JTa-
metpe mucka 180 mm ObT0 00HApYkEeHO OKOoJ0 100 pe30HAaHCHBIX MAKCHMyMOB Ha
MIOJTyBOJTHE, B TO BpeMsl KaK Ha JUTMHE BOJHBI 12—13 MM HaOMIOaCs TONBKO OIHH
MaKCHUMYyM. Y CTaHOBJICHO, YTO C 3TOM TOYKH 3PEHUs ONTHMAIbHBIA JHAMETP JHCKa
JOJKeH ObITh IpuMepHoO B 13—14 pas Gonee anuubl BoaHbL. [Ipyn quameTpe IuCKoB,
MPEBBILIAIOIIEM JUTMHY BOJHBI TOJILKO B 6—7 pa3, JOOPOTHOCTh 3HAYUTEIHLHO YMEHB-
maercs. [Ipu mmuae BoHB 4 MM 1 nuaMeTpe aucka 100 MM 10OPOTHOCTH ITHUCKO-
BOT'O pe30HaTOpa ObUTa HE XyXKe MOOPOTHOCTH Ha JTMHE BONHBI B 12,5 MM mipu D =
=180 mM. M3mepenne 10OPOTHOCTH Ha BOJHAX Kopoue 2,7 MM HaMHU HE TIPOH3BO-
JUJIOCH, HO MOKHO TI0JIaraTh, YTO JTUCKOBBIE PE30HATOPHI AaAyT BBICOKYIO H0OPOT-
HOCTh M Ha CyOMMJUTUMETPOBBIX BOJHAX, TaK Kak He ObIO 3aME4YEeHO, YTO OHa
yXyALIaeTcs ¢ YMEHBIIEHUEM JIMHBI BOJIHBI OT 12,5 10 2,7 MM.

CrnenyeTt 3aMeTHTh, YTO C YMEHBIIEHHUEM JUTMHBI BOJTHBI BO3HUKAIOT TEXHUYE-
CKHe 3aTpyJHEHUS B M3TOTOBJICHHHM W TEpPEecTpoiike pe3oHaTtopoB. Hampumep, Ha
JUTMHAX BOJIH KOpOYe 8 MM IPHUXOAMTCS OTKAa3bIBAaTHCS OT OOBIYHOW muddepeHIm-
IBHON pe3bObl IS TePEMEIIEHHs JUCKOB B MOJIb3Y THIPABIMYECKON WM TEPMH-
4YecKoil, obecreunBaromux Oosiee IUIaBHOE mepemMerieHue. TpedyroTesl Takke Ao-
MOJTHUTENLHBIE TIPUCTIOCOOICHHUS ISl COXPAaHEHHUS apaJUIeIbHOCTH AUCKOB IPH UX
MepeMeIICHNN.

J¥icKOBBIE PE30HATOPHI MOTYT HAHTH IMIMPOKOE IPUMEHEHHE HE TOJBKO B CYO-
MIJUTAMETPOBOM 00JIACTH IJTUH BOJH, HO ¥ B MIUITUMETPOBOM M CAHTUMETPOBOM 00-
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In radiospectroscopy, disk resonators can be employed as an absorbing cell
using Stark modulation. It is known that in the millimeter region, the use of the
Stark modulation is complicated due to a drastic increase in the losses in the mate-
rial supporting the Stark electrode. Here, this difficulty is automatically removed.
Using the Stark modulation, we observed a number of NHj lines in the range from
24 to 26 GHz in a disk resonator.

Disk resonators can be quite convenient for measuring dipole moments of the
molecules because the modulating electric field is more uniform in them than in the
waveguides. Finally, disk resonators can be used in the NH; maser.
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nactsax. OHU MOTYT GBITH AGCOMIOTHEIMH BOJMHOMEPAMH ¢ TOYHOCTHIO 0 107, T.e.
MOT'YT IaThb 6OJII)HIYIO TOYHOCTb, YEM U3MCPUTCIIbHAA JIUHUA. 9Ta TOYHOCTH MOYKET
6I)ITI) TMOBBIIICHA, €CJIXM BBECTHU MOIIPABKY HA HCKPUBJICHUC (l)pOHTa BOJIHBI B JAHHOM
BOJIHOMEpE.

B pagmocnexTpockonuy JUCKOBBIE PE30HATOPHI MOKHO TMPUMEHSTH B Kade-
CTBE TOTJIONIAIONIEH SYEHMKH C UCTIOIB30BAaHUEM IITAPK-MOAyIsiuu. VI3BeCTHO, 4TO
B MUJJTUMETPOBOH OOJIACTH MCIOJIB30BaHKE ITAPK-MOIYJISIIHH 3aTPYAHEHO BCIIE-
CTBHE PE3KOr0 BO3pacTaHUs TOTEPh B MaTepuaie, MOIePKUBAOIIEM INTapK-
3NEKTPOJI. 37ech ATO 3aTPyAHEHHE aBTOMATHUYECKH Hcue3aeT. Mcmonp3ys mTapk-
MOIYJISIIIUIO, MBI HAOII01a Tl B JUCKOBOM pe3oHaTope psy qunuii NH; B muanazone
24-26 I'Tw.

JlrcKoBBIE PE30HATOPHI MOTYT OKa3aThCsl BEChbMa YAOOHBIMU LTS U3MEPEHUS
JUIOJNBHBIX MOMEHTOB MOJIEKYJ, TaK KaK MOAYJIMpYIOIIee 3JIEKTPUUYECcKoe I0JIe
B HHUX 0OJiee paBHOMEpPHOE, YeM B BOJIHOBOJaX. HakoHel, TUCKOBBIC PE30HATOPHI
MO’KHO HCITOJIF30BaTh B AMMHUAYHOM MOJIEKYJISIPHOM TeHepaTope.
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Production of negative-temperature states in p—n junctions
of degenerate semiconductors?’

N.G. Basov, O.N. Krokhin, and Yu.M. Popov

P.N. Lebedev Physics Institute, USSR Academy of Sciences
Submitted April 18, 1961

If a p—n junction in a semiconductor is biased in the forward direction, then
there will be a decrease in the potential barrier due to space charge in the p—n junc-
tion, and the concentration of minority carriers near the junction will increase. The
concentration of these carriers reaches a maximum once the potential barrier is
completely removed by the applied field. This maximum value is about equal to the
concentration of the carriers in a region of the crystal where they are the majority
carriers (we assume the p—n junction to be abrupt). A negative temperature can arise
in a junction only when the Fermi quasi-levels corresponding to the non-
equilibrium concentrations of electrons and holes satisfy the relation [1]

M+t > A, (1)

where 4. and g, are the Fermi quasi-levels for electrons and holes, and A is the
width of the forbidden band. If the p— junction is now biased in the forward direc-
tion, the Fermi quasi-level of the minority carriers near the junction will be close to
the Fermi level in that part of the crystal where these carriers are the majority ones.
From equation (1) it then follows that in this case in at least some part of the p—n
junction the carriers must be degenerate. Semiconductors with such p—n junctions
are tunnel diodes [2]; however, this mechanism for obtaining negative temperatures
corresponds to the diffusion, rather than the tunnel, part of the voltage—current char-
acteristic of the tunnel diode.

If the p—n junction is in a strongly degenerate semiconductor, negative tem-
peratures can arise even before the potential barrier is completely destroyed so that
quantitative estimates can be obtained with the aid of the theory of the diffusion of
current through a p—n junction.

It can be easily shown that the minimum value of the external voltage U, at
which a negative temperature can occur is given by'

U,.,=A7le, 2)

where —e is the electron charge. The current density / (of the electronic compo-
nent, for example) is, in order of magnitude,

# Sov. Phys.-JETP. 1961. Vol. 13. PP. 1320-1321.
! In the case of indirect transitions [3] at low temperatures, the quantity A in formula (2)
should be replaced by A-¢, where ¢ is the energy of the radiated phonon.
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MonyyeHne COCTOAHUMN C OTPpMLIATE/IbHON TeMnepaTypon
B p—n-nepexoAax BblPOXXAEHHbIX NOSYNPOBOAHUKOB*

H.l. bacos, O.H. KpoxuH, FO.M. lMonos

dusnyecknin MHCTUTYT uM. IN.H. Jlebepesa Akagemumm Hayk CCCP
Moctynuno B pegakuuio 18 anpensa 1961 r.

[Ipu npunokeHuu K p—n-nepexony B MOJIYIPOBOJIHUKE HAMPSDKEHUS B TIPS-
MOM HaIIpaBIICHUH, BCIEJACTBUE YMEHBIIICHUS MOTEHIMAILHOrO Oapbepa, oOpazo-
BaHHOTO IMPOCTPAHCTBEHHBIM 3apsioM B p—n-TIepeXoje, BOIM3H HEro BO3pacTact
KOHIIEHTpAIlMsl HEOCHOBHBIX HOCHTelNeH Toka. MaKkcuManbHasi KOHIEHTPAIUS dTUX
HOCHTEJIEH COOTBETCTBYET MOJHOMY CHATHIO IMOTSHIMATHHOTO Oaphepa BHEITHHM
IOJIEM W TIO TIOPSAKY BEIMYMHBI paBHA WX KOHIIEHTPAIIMH B TOW YaCTH KpHCTaIlIa,
TJIe OHU SIBJISTFOTCS OCHOBHBIMH (MBI CUHUTaEM p—i-TIEPEeX0o pe3kuM). OTpHraresb-
Has TeMIlepaTypa B MEXIY30HHBIX TEPEeX0/aX BO3HHUKAECT TONHKO B TOM CIIydae,
KOrJia KBa3uypoBHU (DepMu, COOTBETCTBYIOIIME HEPABHOBECHBIM KOHIICHTPAIIMSIM
SJIEKTPOHOB U JBIPOK, YIAOBIETBOPSIOT CIEIyIOIeMy yeiaoBuio [1]:

M+ ty > A, (1)

TIE f U f4, — KBa3sHypoBHH DepMu U IEKTPOHOB M IBIPOK, A — IIMPHHA 3a-
NpelieHHoN 30HbL. [Ipy NpUoKEeHUU K p—n-TIepeXOoAy HAIpPsDKEHUS B IPSIMOM Ha-
MIpaBIIEHUH KBa3nypoBeHh DepMi HEOCHOBHBIX HOCHTENEH BONM3H mepexona Oyaer
630K K ypoBHIO DepMHU TOH YacTH KPHCTANJIa, TAE€ 3TH HOCUTENH SBISIOTCS OC-
HOBHBEIMH. B 3TOM citydae u3 ycnoBus (1) cienyer, 4o, 1Mo kpaiHel Mepe, B OTHOH
4acTH p—n-TIepexo/ia HOCHTENH OJDKHBI OBITH BBIPOXKIEHBI. llomymnpoBogHuKH C
TaKUMHU p—H-TIEpEeXOoJaMH SBJISIOTCS TYHHEJIbHBIMU AHOAaMU [2], ofHaKo paccMar-
pUBaEMbIIl MEXaHU3M BO3HUKHOBEHHS COCTOSHHMI C OTPULATEIBbHON TEMIIEpaTypou
COOTBETCTBYET HE TYHHEIbHOH, a TU(PY3MOHHON YacTH BOJIBTAMIEPHON XapakTe-
PUCTHKH TYHHEIBHOTO AHOAA.

B p-n-mepexomax CHIBHO BBIPOKIEHHBIX IOJYIPOBOJAHUKOB COCTOSHHUE C
OTPULIATEIBHON TEMIIEpaTypOil BO3HUKAET paHbLIEC, YEM MPOUCXOAUT IMOJHOE CHS-
THE TOTEHIUAIBHOTO Oapbepa, YTO IaeT BO3MOXKHOCTh MCIOJIB30BaTh IS TOTyYe-
HUS KOJMYECTBEHHBIX OLICHOK MU () Y3HOHHYIO TEOPHIO TOKA Yepe3 p—H-TIePEXOI.

Kak merxo mokasars, MUHIMaJIbHOE 3HAYEHHE BHEIIHETO HANPSKEHUS Ui,
IIPH KOTOPOM BO3HHKAET COCTOSIHHE C OTPULATENIEHOMN TEMIIEpaTypoii, paBHO'

Umin =A /e’ (2)

# X3Td. 1961. T. 40. C. 1879-1880.
! B cnyyae HenpsaMbIx nepexonos [3] npu HM3KMX TeMnepaTypax obpasua B dopmyne (2) Be-
JIMUMHY A cnegyeT 3aMeHUTb Ha A-€, rae € — 3Heprust usny4vaemoro poHoHa.
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I ~—(eDn,/L)exp(eU/kT), 3)

where D is the diffusion coefficient, L is the diffusion length, and n, is the electron
density in the p-part of the semiconductor. From formula (3) it can be shown that
the current density decreases with increasing degeneracy and decreasing sample
temperature. A steady state with negative temperature can thus be obtained. How-
ever, the absorption coefficient for radiation in the semiconductor becomes negative
at fairly high (~10"° cm ) non-equilibrium concentrations of the minority carriers
[3], and as a consequence it is impossible to work at very low current densities.

The negative temperature occurs in a thin layer near the p—n junction, the
thickness of the layer being about a diffusion length. In a degenerate semiconductor
the high density of the majority carriers surrounding the region of negative tempera-
ture can, apparently, serve as reflecting surfaces, i.e., a “resonating cavity” is formed.

It should be noted that lower current densities can be used if the semiconduc-
tors forming the p—n junction have forbidden bands of different widths.

Pankove [4] has observed recombination radiation from p—n junctions in de-
generate semiconductors. In a negative temperature state, the concentration of current
carriers is lower than in the state having negative absorption coefficient, so that to ob-
serve a negative temperature state one should look for changes in the voltage—current
characteristic when the sample is illuminated with light of suitable frequency.
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rae —e — 3apsj anekTpoHa. [ImoTHocThs Toka / (HampuMep 3JIeKTPOHHAs KOMIIOHEH-
Ta) 10 IOPSIKY BEIUIMHBI PaBHA

I ~—(eDn,/L)exp(eU/kT), 3)

rae D — koabdunuent quddysun, L — nuddysnonHas JIMHa, 1, — IIOTHOCTb
3JIEKTPOHOB B p-YacTH TMOJyNPOBOAHUKA. AHanmu3 Gopmyisl (3) MOKa3bIBaeT, 4TO
IJIOTHOCTh TOKA YMEHBIIAETCS C YBETUYEHNEM CTENIeHH BBIPOXKACHUS U C TIOHMXKe-
HUEM TeMIIepaTypbl oOpasia. ITO 0OCTOSTENBCTBO JaeT BO3MOXKHOCTH IMONyYaTh
COCTOSIHME C OTPULIATENLHON TEMIIEPATypOl B CTalIMOHAPHOM pexumMe. OQHaKO OT-
pHULaTeNbHbIN KO3(GQHUIUEHT NOITIOLICHUS BCACACTBHE HAIUYUS PA3IMYHBIX MeXa-
HU3MOB a0CcOpOLMU M3ITy4YEHHs B IOJYIPOBOAHUKE BOSHHUKAET IPU CPAaBHUTEIBHO
Gombumx (~10'" cM ) HepaBHOBECHBIX KOHIIEHTPALISX HEOCHOBHBIX HOCHTENEH [3],
YTO JIeTIaeT HEBO3MOXKHBIM Pa0OTy MPH OYEHb MANIBIX 3HAYCHHAX IUIOTHOCTH TOKA.

IIpocTpancTBeHHast 001acTh, B KOTOPOH BO3HUKAET COCTOSIHUE C OTPHULIATEIb-
HOW TeMIepaTypoii, obpasyeTcs B cioe BOJIM3U p—n-Tiepexoia ¢ TOJMIIUHON MopsaaKa
i dy3nonHON ANMMHBL. BBICOKHE TIOTHOCTH OCHOBHBIX HOCHUTEINEH TOKa B BBIPO-
KIICHHBIX ITOJyIIPOBOJHHUKAX, OKPY)KAIOMIMX 00NacTh C OTPULATEILHON TeMIepa-
TypOH, MO-BUANMOMY, MOTYT OBITH MCIIOJIB30BAHBI B KAUECTBE OTPAKAIOIINX U3IY-
YEHHE TOBEPXHOCTEM, T.€. CIIy’)KUTh «PE3OHATOPOM.

3aMeTuM, 94TO CHIDKEHHUE TNTIOTHOCTH TOKAa MOXKET OBITh IOCTUTHYTO B CIIyJae,
KOTJa TOJIyIPOBOJHUKH, 00pa3yolfe p—n-mepexo, UMEIOT Pa3InuHyl0 MIHUPUHY
3alpenIeHHON 30HBI.

PexomMOMHaLIMOHHOE CBEYEHUE B p—n-TIEpeX01aX B BBIPOXKICHHBIX MOTYIIPO-
BOAHMKAx Habmonanock llankoBeM [4]. BBUAy TOTO, 9TO OTpHIIATENbHAS TEMIIe-
paTypa BO3HHKAeT Ipy 00jIee HU3KUX KOHIIEHTPALNAX HOCUTENEH, 4eM COCTOSIHHUE C
OTPHLATETHHBIM KOA(PQHUIMEHTOM MOTJIOIIEHHS, ISl OOHAPY KEHUs OTPULIATEIbHON
TEMIIepaTypsl Lenecoo0pa3Ho HaOM0AaTh W3MEHEHUE BOJIBT-aMIIEPHBIX XapakKTe-
pHUCTUK 00pa3ia npu o0JIyuYeHHHU TIepexoa CBETOM COOTBETCTBYIOLICH YaCTOTHI.
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Population inversion in various systems (atoms, molecules, crystals, etc.) can
be used, as is well known, to obtain a negative absorption coefficient and can be
produced by means of optical excitation [1-7]. A new method of obtaining popula-
tion inversion is discussed below.

We are concerned here with the production of excited atoms as a result of
photodissociation of molecules. For simplicity we consider a diatomic molecule
XY. In the figure we show a number of typical potential energy curves correspond-
ing to the electron ground and excited states in a molecule (the atomic levels of the
X atom are shown in the right side of the figure). Two kinds of curves are possible
(these are shown by solid lines and dashed lines in the figure); the following discus-
sion applies to both kinds. The absorption of a photon characterized by a frequency
o 2 w, causes dissociation of the molecule; as a result one of the atoms (for exam-
ple, X) can be left in an excited state. Under certain conditions (cf. [1]) an inverted
distribution between levels 3 and 2 is obtained in the X atoms, that is to say, the
inequality Ns/gs; > N,/g; is satisfied, where N and g are the populations and statisti-
cal weights of the corresponding levels shown in the right side of the figure'. This
population inversion can be used for amplification and generation of electromag-
netic radiation at the frequency of the atomic transition ws,.

An important feature of the scheme under discussion is the fact that the
molecule can, in principle, absorb energy over a relatively wide spectral range
(~10° em™") whereas the width of the atomic radiation line is small (~0.01-0.1 cm™).
This situation favors high gain factors k,. The expression for &, can be written in
the form

A4y 0
4 yd4y heoy’

(2]

0= J.EwKwda). (1)
>y
Here, y, 4, and 43, are, respectively, the wavelength, the line width, and the Einstein

coefficient for the 3 — 2 transition; A4; is the total decay probability for level 3,
E,, is the spectral power density (W/(cm® Hz)) of the exciting radiation; r, is the ab-

# Sov. Phys.-JETP. 1961. Vol. 14. PP. 1433-1434.

! We note that the inequality Ns/gs > Nyi/g; cannot be satisfied in practice because the life-
time of the atom in the ground state, which is determined by recombination, attachment
at the walls, etc., is much greater than the lifetime of the excited states.
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doToaMccoLMaLmMa MOJIEKYJT KaK cnocob nonyyeHus cpeabl
C oTpuuaTenbHbIM Ko3ddMUMeHTOM nornoweHuns’

C.l. Paytnan, U.N. CobenbmaH

dusnyecknin MHCTUTYT uM. IN.H. Jlebepesa Akagemumm Hayk CCCP
MocTynuno B peagakumio 19 oktabps 1961 r.

HHuBepcHOE 3acenieHrne YPOBHEH Pa3IUYHBIX CUCTEM (aTOMOB, MOJICKYJI, KPH-
CTaJIOB W [Ip.), YTO MPUBOJIUT, KaK U3BECTHO, K OTPUIATEIHEHBIM KOA(QPHUIIHEHTaM
MOTJIOMIEHHUS, MOXKET OBITh TIOJYYEHO C IMOMOIIBIO ONITHYECKOTO METO/a BO30YXKIe-
Hus [1-7]. Huke o0cyknaercs HOBBIH BapuaHT 3TOTO METO/A.

Peur nper o nmonyueHun Bo30YXKIEHHBIX aTOMOB B pe3ylibTare (OTOIUCCO-
LHalWU MOJEKYJ. PaccMOTpuM paau IpOCTOTHI ABYXaTOMHYI0 Mosiekylly XY. Ha
PUCYHKE TPUBENEH PSAJ THIIMYHBIX MOTEHIMATBHBIX KPHUBBIX, COOTBETCTBYIOIINX
OCHOBHOMY U BO30YXIEHHBIM 3JIEKTPOHHBIM COCTOSIHASIM MOJIEKYJIbl (B IpaBOi
CTOPOHE PHCYHKa MOKa3aHbl yPOBHU aTroMa X). Bo3MOXKHBI 1Ba THIIa TaKUX KPUBBIX
(crimonHble W MyHKTHpHBIE JIMHUU HA PUCYHKE); BCE JajbHEMIIee B paBHON mepe
oTHOcUTCA K obouM Tunam. [lornomenue GoToHa 4acTOTH @ X () COMPOBOKIACT-
Csl TUCCOIMAIMed MOJEKYJbl, B pe3yjbTaTe Yero OAWH M3 aTOMOB (Hampumep X)
MOJKET OKa3aTbCs B BO30Y)KIEHHOM cocTosHUM. IIpy ompeneneHHbIX YCIOBHUIX
(cMm., Hanpumep, [1]) oOpasyeTcs HHBEpCHOE pacipeesieHre aToMOB X M0 YPOBHSAM
3 u 2, T.e. BBINOJIHACTCS HEPABCHCTBO N3/g3 > N,/gy, tie N U ¢ — 3aCelIeHHOCTH U
CTaTHCTHUYECKHE Beca COOTBETCTBYIOIIMX YPOBHEW, MOKAa3aHHBIX B IMPABOW YacTH
prcyHKa'. DTa HHBEpCHAS 3aCEIEHHOCTh MOXKET OBITh MCIIOb30BAHA JUTS YCHIICHHS
1 TeHepanyy 3JeKTPOMarHUTHOTO U3y4YEHHs HA YaCTOTE aTOMHOTO IIEPEX0/1a s;.

[MpuHnunuaneHO BaXkHasi 0COOEHHOCTH 00CYKAaeMON CXEMBI COCTOUT B TOM,
YTO TIOTJIOIIEHUE SHEPTHUH MOJIEKYJION MPOWCXOIUT B CPABHHUTEIHHO IIUPOKON 00-
nactu crnektpa (~10° cm '), Torna Kak IIMPHHA ATOMHOM JIMHHM H3Iy4eHHs Mana
(~0,01-0,1 cM™"). DTO GIATONPHUATCTBYET MOMYYEHHIO OOMBIIMX KO(HIHEHTOB
ycusenus k. JleficTBuTenbHO, BeIpakeHne s &, MOXKHO 3arucarhb B BHJIE

P XA O

» , = | E,x,do. 1
4 yA4;, ho, o J. M

w>ay
3nech y, A U A3, — COOTBETCTBEHHO JAJIMHA BOJIHBI, ITMPUHA JTUHUU U KOYPPULIUEHT

OiinmTeitHa i nepexona 3 — 2; A3 — MOJIHAsE BEPOATHOCTH paciajia ypoBHS 3,
E,, — CIeKTpabHast INIOTHOCTH ocBemeHHocTH (Br/(cM> 1)) BO36YKIAIOIIero u3-

#XOTP. 1961. T. 41. C. 2018-2020.

! OTMeTuM, yTo HepaBeHCTBO Ni/gs > Ni/g; NPAKTUYECKU HEBbIMNOIIHMMO, TaK KaK BPeMs W3-
HWM aToMa B OCHOBHOM COCTOSIHWM, OMpeaensieMoe pekoMbuHaumnei, NnpuannaHneM K cTeHkam
W T.M., MHOrO 60/blle BPEMEH XWU3HU BO36YXAEHHbIX COCTOSIHUA.
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U sorption coefficient associated with the dissociation

. X3ty process XY — X(3) +Y. The quantity Q is obviously
r""h'a;ﬂ:[ 3 the power absorbed per unit volume as a result of this
S o 2 process. If E, varies slowly in the region of effective

&(_2)1LY absorption, then
_ A Ejf, 45T
4 ho, 4 y’

Q=Ex,L, Kk, 2

ha)()

X(1)+Y

T where &, is the mean value of x,, while I is the width
of the absorption peak. It is easily shown that (1) and (2)
0 r are valid for all other versions of optical excitation. It
is evident from (2) that, all other conditions being equal,
k., is determined by the parameter M = (43,/4;)[/y *. When the atom is excited di-
rectly [1, 2], 43/A5 < 1 while the widths ' and y are usually determined by the
Doppler effect, i.e., ['/y = wy/ws, s 10. Consequently M < 10 in this case. In crystals
I~100ecm’, y~1-10cm " and A4s/d5 <1 [3-6] so that M~10°-10°. In the
method proposed here, however, the absorption spectrum is as wide as it is in crys-
tals (I ~ 10° cm™") but y is appreciably smaller; to be specific, in the visible and
near-infrared, y ~0.01-0.1 cm '. Hence, when As»/A; ~ 1, we have M~ 10*-10°.
Thus, the advantages of the first two cases—a wide excitation spectrum and a nar-

row atomic radiation spectrum, can be combined.

An estimate of the absolute magnitude of the absorption coefficient in a typi-
cal case (y=0.03 em, A=1 um, Ao =2wc/w,=2000 A) gives k,=0.3043,/4,
where O is expressed in units of W/cm®. Consequently even with relatively low
values O ~ 1 W/cm® we can obtain &, = 0.3 cm’l, which is somewhat greater than
the value required to achieve the oscillation.

All the considerations given above for diatomic molecules apply equally to
molecules composed of more than two atoms. Hence, in principle there are wide
possibilities for the choice of suitable systems. It is obvious that a number of practi-
cal considerations must be taken into account. For instance, the term system must
be such that the frequency wy lies in the required spectral region and the vapor pres-
sure must be high at reasonable temperatures. The most suitable materials are those
which can be produced in the working vessel because the decay products must be
easily removed from the vessel and so on. However, the basic problem in choosing
a suitable system is the fact that the only well-studied photodissociation processes
are those for which one of the atoms is at a resonance level [8].
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AydeHus; x, — kodppuuuent nornomenus, odyciaos- U

JIEHHOTO TIporieccoM amccormanuu XY — X(3) + Y. _ X3ty
Benmuuuna Q ecTh, OYEBMIHO, MOLIHOCTH, MOIIIOIIAE- }»}1'0;32:[3
Mas B €IUMHHUIE 00bEMA B PE3YJILTATE 3TOrO MPOLECCa. S 2
Ecnu E,, Mano MensieTcs B 061actu 3pGEKTUBHOTO O~ K('(_z)Jr Y

TIIOIIEHHS, TO
2 pa—
_A B, 4n T

QZEK’?wFJ ka)_ s
4 hoy, 45 y

(2) ool xayry
""" 1

rae Ea} — CpC€AHEC 3HAUCHUC K, a4 Ir— IHPUHA I10JIO-

cbl mornomenns. Jlerko mokasark, uto (1) u (2) cnpa- 0 r
BEJUIMBBI U BO BCEX JIPYTUX BapHUaHTaX ONTHYECCKOTO

MeToa Bo30yxaeHus. 13 (2) BUaHO, YTO MPH MPOYNX PaBHBIX YCIOBUAX BETHMYMHA
k,, onpenensercs 3HaueHneM mapamerpa M = (43,/4;)[/y >. B ciyuae Bo36yxaeHNs
HeTocpeIcTBeHHO aToMa [1, 2] 43,/A3 < 1, a mmpuHE ', ¥ 00BIYHO OIpeaesIFOTCS
apdexrom [ommuepa, T.6. I'/y = wo/ws; s 10. CnemoBatensHO, B 3TOM Ciyd4ae
M < 10. Jns xpuctamios [ ~ 10° CMfl, y~1-10 CM*I, Asp/A; s 1 [3-6] u, cinemoBa-
TenbHO, M ~ 10°-10°. B mpearaeMoM ke METOE CIEKTP MOTTIOMEHHS CTONb XKe
wHpoK, kak u B kpructamiax (I ~ 10° cM '), HO y 3HAYMTENBHO MEHBIIE, a MMEHHO, B
BUIMMON M GmibKkHel MH(ppakpacHoil o6mactsax y ~ 0,01-0,1 cm ', Tlostomy npm
Asp/A; ~ 1 umeem M~ 10°-10°. Taxkum 00pazoM, OOBEAMHSIOTCS TOJIOKHUTEITBLHEIC
CTOPOHBI MEPBBIX JIBYX CIy4aeB — IIUPOKHIA CIIEKTP BO30YKICHHS M aTOMapHBIN
CHEKTp U3ITyUCHHS.

OreHka abCOMIOTHON BEMYMHBI KOA(PGUIMECHTA MOTJIOMCHUSI TSI TUITHYHO-
ro ciydas (y = 0,03 CM’I, A =1MKkM, Ay =2rc/wy=2000 A) naer k,=0,3043,/43,
riae O BepaxkeHo B Br/cm®. CienoBatenbHO, yke NP CPABHUTEIBHO HU3KHX 3Ha-
yeHusix QO ~ 1 Br/cM® MOXHO nosnyauth k, = 0,3 CM ', 9TO HAMHOTO MPEBOCXOAUT
3Ha4YeHwue k,,, HEOOXOIUMOE ISl TOCTIKEHHS IOpOTa TeHEePaInH.

Bce ckazaHHOE BEIIIE O ABYXaTOMHBIX MOJIEKYJaX B paBHOW Mepe OTHOCHTCS
U K MHOTOATOMHBIM MOJIeKyjaM. [103ToMy B NPUHIIMIIE UMEIOTCS IIUPOKUE BO3-
MOKHOCTH JUTSI BBIOOpa TMOIXOAANINX OOBEKTOB. Pazymeercs, HY)KHO YYHTHIBATH
PAA OOCTOSATENBCTB, BAXKHBIX C MPAKTHYECKOW TOUKH 3peHHs. Tak, cucteMa TepMOB
JIOJDKHA OBITh TaKOW, 4TOOBI YacTOTa ¢ HAXOAWIACh B JIOCTYITHON OOJIACTH CIICK-
Tpa; JKeJaTeidbHa OOJNbIIas ympyrocTh Mapa NPy yYMEPEeHHBIX TeMIlepaTrypax; Hau-
Ooree ymoOHBI BeleCTBa, MOTYIME PEreHepHpOBaThcs B pabodeM cocyne, JIOo
MPOAYKTHI pacrana JAOJDKHBI JIETKO YIAIAThCA U3 cocyaa u T.1m. OIHAKO OCHOBHAS
TPYIHOCTh B BHIOOpE OOBEKTOB COCTOMT B TOM, YTO XOPOIIO H3Y4YEeHBI JIHUIIH TpPO-
1ecchl (OTOAUCCOLMAIUH, TTPH KOTOPBIX OJWH U3 aTOMOB OKa3bIBaeTCS Ha Pe30-
HaHCHOM YypoBHe [8].

> BenuunHa k, onpenensieTcsi HEO6X0ANMOCTbIO NMPOCBETUTL 06paseLl U B PasnnyHbIX Bapu-
aHTax onTUYecKoro Bo36YyXAeHUs MO MopsiAKy BenuuuH 6auska K eanHuue. MpakTuyecku
3TO AOCTUraeTCcsl COOTBETCTBYHOLWUM BbIGOPOM KOHLIEHTpALMUW NMOrNoLLaoWmnx LEeHTPOB.
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Concerning one possibility of amplification of light waves®

S.A. Akhmanov and R.V. Khokhlov

P.N. Lebedev Physics Institute, USSR Academy of Sciences
Submitted May 29, 1962

The subject of the present note is a discussion of certain possibilities of am-
plification and generation of light waves in optically transparent crystals, the polari-
zation of which depends in nonlinear fashion on the intensity of the electric field of
the propagating wave. A nonlinearity of this type (it can obviously be regarded as
the dependence of the dielectric constant on the field) was successfully utilized in
several recently described experiments (see [1-3]) on the generation of optical har-
monics. Naturally, this does not exhaust the possible nonlinear effects in such crys-
tals. We show below that under certain conditions, in an optically transparent me-
dium whose polarization depends quadratically on the intensity of the electric field,
one can obtain parametric amplification of traveling light waves obtained at the ex-
pense of the energy of an intense light wave (the so-called pumping) and that the
condition for parametric amplification can be realized in uniaxial crystals.

As is well known (see, for example, [4, 5] and also the review [6]), in the re-
gion of the fundamental parametric resonance the energy of the intense pumping
oscillations of frequency w,, carrying out the modulation of the reactive parameters
of a resonance circuit or of a transmission line, can be transferred to oscillations at
frequencies w, and w,, satisfying the condition

®,= W+ @, (D

(the particular case when w; = w,= w,/2 is the so-called degenerate parametric in-
teraction). To clarify the features of such an interaction space, it is necessary to
consider a semi-bounded medium, the dielectric constant of which varies as'

et x,w) =g, (a)){l + m|:ei((ur,t—kPX) 4 o i @rt—hpx) J} @)

(the x axis is perpendicular to the separation boundary).
Assume that the waves at frequencies w, and w, have components E, = E, H,,
H, H,, and assume that their wave vectors make angles 6, and 6, with the x axis.
The electric field in the medium will then be described by the equations
10’D 0O°E . O’E

2ot 02 oxt

D=¢E, 3)

# Sov. Phys.-JETP. 1962. Vol. 16. PP. 252-254,
! The modulation coefficient m can amount to ~10™-107° if modern coherent light genera-
tors are used (see [7]).
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06 0AHO BO3MO>XHOCTMN YCUJIEHUSI CBETOBbIX BOJTH?

C.A. AxmaHoB, P.B. XoxsioB

dusmyecknin MHCTUTYT UM, N.H. Jlebenesa Akagemmn Hayk CCCP
MocTtynuno B pegakuuto 29 mas 1962 r.

[IpenmeToM HacTOAIIEH 3aMETKH SBISETCA OOCYXKIEHHE HEKOTOPBIX BO3-
MOKHOCTEW YCHIJICHUSI M TEeHEPAI[H CBETOBBIX BOJH B ONITHYECKH MPO3PAYHBIX KpPU-
CTajulax, MOJISIPU3ALMsI KOTOPHIX HEJIMHEWHO 3aBUCUT OT HANPSDKEHHOCTHU 3JIEKTPH-
YEeCKOTO TOJIS PacIpoCTpaHstomIeiics BoMHbl. HenmHeHOCTh yKa3aHHOTO THTA (ee,
OYEBHIHO, MOXKHO PaccMaTpUBaTh KaK 3aBUCHMOCTh IUAJIEKTPUUECKOW MpOHHUIAe-
MOCTH OT TI0JIs1) ObLIa YCIIEHIHO MCIIONB30BaHa B PsZic OMUCAHHBIX HEJABHO JKCIIe-
pumeHTOB (cM. [1-3]) mo reHepanuu ONTHYECKUX T'apMOHHUK. EcTecTBeHHO, 4TO
STHM HE WUCYEPITBIBAIOTCS BO3MOKHBIC HENUHEHHbIE () (EKTH B TAKHX KPHCTAILIAX.
Hwmxe Oyner mokasaHo, 9TO MPHU ONPENENEHHBIX YCIOBHIX B ONTHYECKH MPO3pad-
HOM cpefie, Mosipyu3alisi KOTOPOH KBaJpaTUUHO 3aBHCUT OT HAIPSKEHHOCTH 3JIeK-
TPUYECKOrO IOJIsl, MOXKET OBbITh MOJYYEHO MapaMeTpU4YecKoe yCHJIEHHE Oerymux
CBETOBBIX BOJIH, OCYIIIECTBIISIEMOE 3a CUET 3HEPTUU MHTCHCUBHON CBETOBOW BOJHBI
(Tak Ha3pIBAEMOM HAaKAayKW) M YTO YCJIOBUS MapaMeTPUYECKOTO YCHJIEHUS MOTYT
OBITH peanrn30BaHbl B OTHOOCHBIX KPUCTAJIIaX.

Kax m3BectHO (cM., Hampumep, [4, 5], a Takxke 0030p [6]), B 001acTH OCHOB-
HOTO MapaMeTPHUUECKOT0 pPe30HaHCa JHEPIrUs WHTCHCHUBHBIX KOJEOAHWN HaKauyKy
YaCTOTHI Wy, IPOU3BOISIIUX MOIYJISIINIO PEAKTUBHBIX NTAPaMETPOB KOeOaTeIbHON
CHCTEMBI WJIN Nepearoliell TMHUM, MOKET IepeJaBaThcsl KoJeOaHUsM Ha 4acToTax
1 ¥ 2, YAOBIETBOPSIIOIINX YCIOBHIO

w,= 0+ 0, (D

(B 9aCTHOM CIIy4ae @ = m,= m,/2 — TaK Ha3bIBAEMOE «BBIPOXKICHHOE)» MapaMeT-
pudeckoe B3aumoeiicTsue). [t BEIsICHEHHS 0COOEHHOCTEH TakoTo B3aMMOAEHCT-
BHUS B IIPOCTPAHCTBE CIIEAYET PACCMOTPETH NOIYOTPAaHUUCHHYIO Cpey, AUDJICKTPH-
YecKast IPOHMUIAEMOCTh KOTOPOil H3MEHSIETCS 110 3aKOHY'

e(t,x,m) =g, (a)){l 4 m[ei(wnt—kﬂx) + o (@t —hyx) ]} 2)

(och x TIEpIICHAUKYJIIIpHA TPaHUIIE pasiesa).

IlycTh BOJHBI HA 4acTOTaX ] U @, UMEIOT KoMNoHeHTwl E, = E, H,, H, H,, a
WX BOJHOBBIE BEKTOPBI 00pa3yroT C OCBIO X yriubl 6 u 6,. Toraa snekTpuyeckoe 1mo-
Jie B cpesie OyIeT OMHChIBAaThCA YPaBHEHUSIMHU

# XK3T®. 1962. T. 43. C. 351-353.
! KoshhULMEHT MOAYASLMU M MPU UCMONMb30BAHUN COBPEMEHHBIX KOrepPEeHTHbIX FreHepaTo-
poB cBETa MOXeT 6biTb ~107*-107° (cM. [7]).
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and the summary field can be written in the form
E = Ey(x)exp{i(ant —kr)} + E; (x){~i(w,t —k,r)} + c.c.,
k; = a)ic_] Vo (@).

Substituting (4) in (3), taking (2) and (1) into account, and collecting the
components with frequencies @, and w,, we can obtain the differential equations
that characterize the spatial variations in the amplitudes E|,. It turns out here that
the presence of the term eF in equation (3) appreciably influences the behavior of
the amplitudes E;, and can lead to amplification only if the following relation
(momentum conservation law) is satisfied:

k, +k, =k,. )

4)

For small m it is natural to assume that
d’E,[dv* < k,dE, [dx (i=1,2).
Then the equations for £, assume the form

dE ___imk . dE, _ impky

dx  2cosf dx  2cos,

and consequently
d’E, _ mymykik,
dx*  4cosb cosb,

E, (mi = m(a)z)) (6)

It is seen from (6) that in the medium under consideration exponentially growing
waves are possible with a build-up factor

a= %[mlmzl’q/’c2 /cos 6, cosb, | v

Assuming that £, = E; and E; = 0 when x = 0 (oscillations of “difference” frequency
,, necessary for amplification, occur in the nonlinear medium, the angle 6, is de-
termined by the incidence conditions and by the properties of the medium, while the
angle 6, is automatically established in accordance with condition (5)*), and using
the boundary conditions, we obtain

E, = E,coshax,

. . (7
E, =iE, \/mzkz cos 0, /myk; cos 6, sinh ax.

To make more specific the requirements imposed on the dispersion properties
of the nonlinear medium (5), let us consider for simplicity the case @ = w, = w. It
then follows from (5) that to obtain amplification the phase velocity of the pumping
(frequency ~2w) should exceed the phase velocity of the wave at the frequency w,
or for the refractive indices

2 Of course, if (5) can be satisfied at all.
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10D _OE OE
o 04 oxt’

D=¢E, 3)

a CYMMapHOG I10JIC MOXKHO 3aIIucaThb B BUIC
E = E/(x)exp{i(ot —k )} + E; (x){~i(w,t —k,r)| + x.c.,

k= wc ' g (@).

[oncrasmsist (4) B (3), yuutsiBas (2) u (1) u coOupasi CoCTaBIAIOIINE C Yac-
TOTaMH ] U (U7, MOXKHO MOJYYHTh IuU(epeHInaIbHbIE YpaBHEHHS, XapaKTepu-
3yIOIIME U3MEHEHHS B MPOCTpaHCTBE aMIUIUTY[ Ej,. IIpu sTOM OKasbIBaercs, 4To
HaJM4Me 4ieHa ¢E B ypaBHeHUH (3) CyIIECTBEHHO BIIMSET HA MOBEJCHUE aMILIUTY T
Ei, ¥ MOXeT NMPUBECTH K YCWJICHHIO JIMIIb MPH BBITIOJIHEHUH CIIEIYIOMEr0 COOT-
HOIICHUS (3aKOHA COXPAaHEHUS NMITYJIbCa):

kl +k2 :kH‘ (5)

“4)

7151 MaJIbIX M €CTECTBEHHO MPEAIIOI0KHUTh, YTO
d’E,[dv* < k,dE, [dx (i=1,2).
Torna ypaBHeHus 1y £ ; UMEIOT BUJ

dE, imk, dE,  imyk,
S T g, T2 Thhop
dx 2cos 6, dx 2cosb,
U, CIIeIOBATEIBHO,
d’E, _ mymykik,
dx*  4cosb cosb,

E, (mi = m(a)z)) (6)

U3 (6) BumHO, 94TO B paccMaTpUBaeMoOl cpejie BO3MOXHBI SKCIIOHEHITHAILHO Hapac-
TaIOIIVE BOJIHBI, (DaKTOp HApaCTaHHUS KOTOPBIX

a= %[mlmzklkz /cos 6, cos 6’2]1/2.

[Nonaras npu x = 0, uro E| = Ey u E, = 0 (konebaHus «pa3HOCTHON» YacCTOTHI ,, He-
00XOIUMBIE IS YCHUIICHNS, BO3HUKAIOT B HEIMHEWHOU cpelie, yron @, onpenensercs
YCIIOBHSIMHU TAJICHUS ¥ CBOWCTBAMHU CPEbI, a yrojl ¢, aBTOMaTUYECKHU YCTaHABJIMBa-
eTCs, COTTIACHO YCIIOBHIO (5)%) M HCIIONB3Ysl IPAHHYHbIE YCIOBHS, MOTyYaeM

E, = E,coshax,

. . (7)
E, =iEg\Jmyk, cos 0, /myk; cos 6, sinh ax.

s koHKperH3anuu TPeOOBaHWU K UCIEPCHOHHBIM CBONCTBAM HEITHHEMH-
HOHM cpenbl (5) paccMOTpUM JUIS TPOCTOTHI CIIydal @) = w, = w. Torma u3 (5)
CIIeIlyeT, UTO IS MOJyYeHHsl ycuiieHus! pa3oBas CKOPOCTh HAKAUKH (4acToTa ~2@)

2 pasymeeTcs, ecnu (5) MOXeT 6biTb BOOBLLE BbIMOMHEHO.
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n(@) > n(2w). (8)

The condition (8) can be satisfied, for example, in a
uniaxial negative crystal if the frequency w (signal)
excites the ordinary wave and the frequency 2w
(pumping) the extraordinary wave (see also [2]). The
foregoing denotes that in such a crystal the conditions
of the problem investigated above can be realized.

The amplification mechanism considered above
can be used to construct coherent optical generators of
adjustable frequency. One of the possible schemes of
such a generator is shown in the figure. A crystal bounded on two sides is pressed be-
tween two pairs of parallel mirrors. In this case the dielectric constant has the form

E=¢& [1 +mg cos(w,t — k,x) + my, cos(w,t + kpx)].

Assume that the amplification conditions for the frequencies @, and w, are satisfied
in the directions ¢, and 6,, respectively. Then, by establishing the planes of the mir-
rors normal to rays / and 2, we can excite parametric oscillations at frequencies
close to w; and w,. The condition of self-excitation of the generator has the form

m>1/{0,0,, where O, are the figures of merit of the optical resonators formed

by the parallel mirrors®.

A factor limiting the self-oscillation amplitude is the reaction of this oscilla-
tion on the pumping field. This means that the efficiency of the generator under
consideration must be sufficiently high. Thus, a crystal with nonlinear polarizability
excited by an intense light wave can serve as a tunable light amplifier or generator
of appreciable efficiency. By varying the anisotropy parameters of the crystal by
means of the external field it is possible to modify the conditions of energy ex-
change between the waves and consequently modulate the amplified or generated
oscillations.
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JIOJDKHA TPEBBINIATh (ha30BYIH0 CKOPOCTh BOJIHBI Ha
YacToTe @, WM IS TIOKa3aTeNel peToMIICHHS
n(w) > nQw). (®)

VYcnoue (8) MoKeT OBITH BBHIIIOJIHEHO, HapUMEp, B
OJTHOOCHOM OTPHIIATEIIFHOM KPHCTAaJIe, eCId 4acToTa
o (curHar) Bo30yknaeT OOBIKHOBEHHYIO BOJIHY, & Jac-
ToTa 2(» (HaKauka) — HEOOBIKHOBCHHYIO (CM. TaKXke
[2]). Cka3aHHOE O3HAYAET, YTO B TAKOM KPHCTAILIC MO-
T'YT OBITH peaTM30BaHBI yCIIOBHUS HCCIIEIOBAHHON BBIIIIS
3a7a4M.

PaccMoTpeHHBII MEXaHU3M YCHUJICHHS MOXET OBITh HCIIONB30BaH JUIS II0-
CTPOCHHS TEPECTPAUBAEMBIX IO YaCTOTE KOTEPEHTHBIX ONTHYECKUX T€HEPaTOPOB.
OpHa 13 BO3MOKHBIX CXEM TaKOTro TeHeparopa MmoKazaHa Ha pucyHke. OrpaHuyeH-
HBIH € JIByX CTOPOH KPHUCTAJIJ IOMEIIEH MEXAY ABYMs MapaMy MapajljiebHbIX 3ep-
Kall. B aToM ciydae ausneKkTpudeckas IpOHULIAEMOCTh UMEET BU

£=¢&, [1 + My, COS(@,1 — K, X) + Mg, COS(@, 1 + ka)].

[TycTb ycnoBus ycuneHusl Uil 4aCTOT @) U (0, BHIIIOJHEHBI B HAIIPABIECHHUSX COOTBET-
ctBeHHO 6, u 6,. Torna, ycraHaBIMBast INIOCKOCTHU 3epKajl HOPMAJIBHO K Jrydam [ u 2,
MOXHO BO30YIUTH MapaMeTpHuecKue KojeOaHUsi Ha 4acToTaX, ONM3KUX K W) U ;.

VcnoBre caMoBo30yKIeHHs TeHepaTopa umeet Bua m >1/{0,0,,tae 01, — 106-

POTHOCTH ONTHYECKHX PE3OHATOPOB, 0OPA30BAHHEIX MAPAIUIETBHBIMH 3ePKaTaMI .
[puuunHOiA, OrpaHUYMBAIOIIEH aMILTUTYy CaMOBO30YKIAIOMINXCS KOJIeOaHHH,
sBJsIeTca oOpaTHas UX peakUys Ha IoJIe HaKayKH; 3To o3Haydaet, uro KIIJ paccmar-
PHBaEMOTO T€HEepaTopa OKEeH OBITh JOCTATOYHO BHICOK. TakuM 00pa3oM, BO30yx-
Jlasi KPUCTAJU1 C HEJIMHEHHOW MOJSIPU3YEMOCThI0 MHTEHCUBHOW CBETOBOWM BOJIHOM,
MOXHO PeaJI30BaTh IIEPECTPAUBAEMBbIE I10 YACTOTE YCHIMTENIU U TE€HEpaTOphl CBETa
co 3HaunTenpHbIM KITJ[. M3Mensas mapameTpsl aHM30TPONINU KPUCTAUIa BHELTHUMHU
MOJISIMH, MOXKHO BJIMATH Ha YCIIOBHS SHEPrOOOMEHa MEXIy BOJHAMH H, CIEIOBa-
TEJIFHO, IPOU3BOIUTH MOIYJISILIUIO YCUITNBAEMBIX WIIH TCHEPUPYEMBIX KOIeOaHHH.
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Attainment of negative temperatures
by heating and cooling of a system®*
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It is pointed out that because of differences in the relaxation times for various
energy levels during establishment of thermodynamic equilibrium, rapid variation
of the system temperature may create a negative temperature state for certain pairs
of energy levels.

1. In quantum systems one can often find subsystems such that the establish-
ment of equilibrium between them requires more time than the establishment of
equilibrium within the subsystems themselves; radiative transitions between the
subsystems are thereby possible. During a sufficiently rapid change in the thermo-
dynamic state, equilibrium is established sufficiently rapidly within each subsystem,
but the subsystems are not in equilibrium with one another. This can create a state
of negative temperature with respect to transitions from the energy levels of one
subsystem to those of another.

2. We shall consider a three-level system having different relaxation times
between the levels 1, 2, 3 numbered from bottom to top.

If the probability of transitions from level 1 to level 3 is significantly greater
than those for the transitions from level 1 to level 2 and from level 3 to level 2, then
during a sharp rise in temperature thermal equilibrium is quickly established be-
tween levels 1 and 3, and for some time there will be no equilibrium between levels
1 and 2 and between levels 3 and 2. In this case a state of negative temperature can
arise between levels 3 and 2. The same result can be effected by cooling the system,
but with different relations between the transition probabilities. In this case we
should have ws; > w3y, wy; or wy; > wy;, wsp. In the first of these cases a negative
temperature state arises between levels 1 and 2, in the second between 3 and 2.

In order to obtain more accurate quantitative relations we shall assume that
the system is rapidly heated from temperature 7; to a temperature 7:> 7;. The
change in population between the levels is described by the system of equations

dns [dt = —(Wyy+ Wiy )iy + Wysny + Wiany, 0
dn, [dt = —(Wyy+ Wy )1y + Wiy s+ Wipny,
}’ll+n2 +I’l3=l’l0, (2)

where 7; is the population of the ith energy level, and wj is the transition probability
per unit time from level i to level £.

#Sov. Phys.-JETP. 1963. Vol. 17, No. 5. PP. 1171-1172.
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MonyuyeHune oTpuUaTesNibHbIX TeMNepartyp
MEeTOZ0M HarpeBa M OXJ1IaXXAeHUs cucrtembl’

H.r. bacos, A.H. OpaeBckni

dusnyecknin MHCTUTYT uM. IN.H. Jlebepesa Akagemumm Hayk CCCP
MocTynuno B peagakumio 19 oktabps 1962 r.

OO0paiuaercss BHUMaHHE Ha TO, YTO IPU OBICTPOM M3MEHEHUH TEMIIEpaTyphl CHC-
TeMBbI B CHJTy Pa3iIM4Msl BPEMEH peflakcalliy JJIsl Pa3HbIX SHEPreTUUECKUX YPOBHEH B
MIPOIIECCE YCTaHOBJIEHHS TEPMOANHAMUYECKOTO PABHOBECHS ISl HEKOTOPBIX Tap dHEp-
FETUYECKUX YPOBHEH MOKET BOZHUKHYTh COCTOSIHUE C OTPULATENBHON TEMIIEPaTypOi.
1. B psine KBaHTOBBIX CHCTEM MOYHO BBLAEIMTH TaKHE IMOJACUCTEMBI, BpEMs
YCTaHOBJICHUS] PABHOBECHSI MEXKAY KOTOPHIMHU 3HAYUTEIHLHO OOJbIIEe BPEMEHH ycCTa-
HOBJICHHSI PaBHOBECHS BHYTPH KaKAOH MOACHUCTEMBI, MPUYEM BO3MOXHBI H3ITyda-
TeJbHbIE Mepexopl Mexkay noacucremamu. IIpu goctaTouyHO OBICTPOM M3MEHEHHH
TEPMOJUHAMUYECKOTO COCTOSIHHS BHYTPH Ka)KJOM MOJCUCTEMBI PABHOBECUE YCTaHO-
BUTCSL IOCTATOYHO OBICTPO, HO OyJEeT OTCYTCTBOBATH PABHOBECHE MEXIY MOACHUCTE-
Mamu. B 3ToM cirygae MOKET BO3HHKHYTHh COCTOSHHE C OTPHIIATENIFHON TeMIepary-
POi1 [0 OTHOUIEHHUIO K MEPEX0IaM C SHEPreTUUECKUX YPOBHEH OJHON MOJCUCTEMBI Ha
YPOBHH PYTOil.
2. PaccMOTpUM TpexypOBHEBYIO CUCTEMY, UMEIOIIYIO pa3Hble BpeMeHa pelakca-
UM MEKITY PaCTIONOKEHHBIMU ITOCIICIOBATEIILHO OJTMH HAJT APYTHM YpOoBHsIMH 1, 2, 3.
Ecmu BeposiTHOCTH Tiepexonia ¢ ypoBHS | Ha ypoBeHb 3 3HAUHTENHFHO OOIIBIIE
TaKOBBIX IS IEPEXOJ0B C YpOBHS 1 Ha YpOBeHb 2, U C ypOBHS 3 Ha YPOBEHb 2 (Wi U
W3,), TO TP PE3KOM MOBBIIIEHUH TEMIIEPaTypbl TEPMOAMHAMHYECKOE PaBHOBECHE
OBICTPO YCTAHOBHUTCS MEKAy YPOBHAMH 1 1 3 1 OyleT HEKOTOpOe BpeMsl OTCYTCTBO-
BaTh paBHOBECHE MEXAy YpoBHSIMHU 11 2 1 3 u 2. B TakoM ciTyyae MOKET BO3HUKHYTh
COCTOSIHHME C OTPHULIATENHHOM TeMIepaTypoi o OTHOIIEHHIO K ypoBHAM 3 u 2. To xe
caMoe MOXeET OBITh W MPH OXJIAXKJICHUHM CUCTEMBI, HO IIPU APYTOM COOTHOIICHHH Me-
Ky BEpPOATHOCTSMH Niepexoza. B 3ToM citydae TOKHO OBITh Wi, > Wi1, W H Wy >
> Ws1, Wi. B IepBOM U3 3THX ciIy4aeB BO3HMKAET COCTOSHUE C OTPULIATENBHON TEM-
nepaTypoil Mex 1y ypoBHAMH 1 U 2, BO BTOPOM — MeXay 3 U 2.
Jna momydenns Ooyiee TOUHBIX KOJHMYECTBEHHBIX COOTHOIIEHHUH MPEanoso-
XKHUM, YTO CHCTEMa OBICTPO HarpeBaeTcs OT TeMmepaTrypbl 1, [0 TeMmIeparypsl
Ty > T,. VI3MeHeHne HaceNEeHHOCTEH MEXIy YPOBHSAMH OyIeT ONUCHIBATHCS CHCTE-
MOH ypaBHEHUN
dny [dt = —(ws;+ Wy )y + Wasny + Wiz,
(1
dny [ dt = (W + Wy )y + Wiphs+ Wiy,
n +n, + 13 =ny, 2)

# XKIT®d. 1963. T. 44, Bbin. 5. C. 1742-1745.
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The possible changes in the population dif-
ference with time are shown in a qualitative way in
the figure. (Relaxation processes are always aperi-
odic in nature.) A favorable change for obtaining a
state of negative temperature is shown in the graph
Change in population differ- s a heavy line. Its distinguishing character is the
ence An = n;—n, with time. The ~ €xistence of a positive maximum at #, > 0. Hence a
shaded portion corresponds to  necessary and sufficient condition for the estab-

negative temperature lishment of a negative temperature state is
max(n; —m,) = A(l—a)e "™ + B(l—=b)e "™ + nyy — nyy >0, (3)
where
t, = L DGl DR Y 4)
A=A A(l—a) 4

In these formulas,
=N, —(m3 — N3)b anzo_Nz_(”3o_N3)a
b—a ’ a->b

ny
A4=-2

b

N3, Ny, n39, and nyg are the equilibrium values of the populations at the initial and fi-
nal temperatures, respectively;

a=(h-a)/f, b=(h-a)/pB, =Wy + W3+ Wy,

B=Wi3 =Wy, O=Wy+Wy+Wy, J=W,—Wsy,

and 4, and 4, are the roots of the characteristic equation of the system (1).

Conditions (3) and (4) give us the necessary relations between T;, Tt, and the
transition probabilities wy. In particular, for 7; < hv,1/k we will have N, = N3 = 0.
Then (3) and (4) are equivalent to the simple relation

Wip <Wis. Q)

The conditions (3) and (4) place a limit on the initial temperature, since for
very large initial temperatures a negative temperature state cannot be produced for
any relation between the transition probabilities. This comes about in case

Ny + N, <2N,,
or
1+exp(hvs, [kT; ) < 2exp(hvs, [KT,). (6)

One can also carry out a similar analysis for the case 7;> T, i.e., for rapid
cooling of the system.

3. A mixture of para- and orthohydrogen will serve as a concrete example of
such a system.

It is known [1] that, because of the Pauli principle, parahydrogen has only
even rotational levels (rotational quantum number J even), and orthohydrogen has
odd rotational levels (J odd). A transition involving a change in rotational energy
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1€ #n; — HAaCEJIEHHOCTh I-r0 JIHEPTETHYECKOTO
YPOBHS, Wj; — BEPOATHOCTH IMEPEX0/Aa B €AUHUILLY
BPEMEHH C YPOBHS i HA YPOBEHbG k.

KauecTBeHHBIH BUI BO3MOKHBIX M3MEHEHHI
Pa3HOCTH HACEJIICHHOCTEW CO BpeMEHEM TOKa3aH Ha
pucynke. (IIpomecchl penmakcamuui Bcermaa HOCST VI3MeHeH e PA3HOCTH HACEIICH-
anepuoJMYeCKui Xapakrep.) bnarompustHoe M3-  ocreii An=n3—n, co BpeMe-
MCHEHHE Ul TONY4YCHHs COCTOSHMS C OTPULA-  yey. 3amTpuxoBaHHAS 06IACTD
TeJIbHOM TeMHepaTypoﬁ MMpeaACTaBJICHO Ha rpa(bI/IKe COOTBETCTBYET OTpI/IIIaTeJIBHOﬁ
KHUpHOW KpuBOH. OTIMYNTENBHON €€ OCOOEHHO-  Temmeparype
CTBIO SABJISACTCS HAIMYHE ITOJIOKHTEIHFHOIO MaKCH-

MyMa TpH ¢, > 0. [lo3TOMy HEOOXOAUMBIM U JIOCTATOYHBIM YCIOBHEM BO3HUKHOBE-
HUS COCTOSIHUSI C OTPULIATENLHON TeMIlepaTypoi sIBISETCS

max(n; —ny) = A(l—a)e ™™ + B(1l—b)e ™™ + nyy — ny >0, 3)

praeM

L [ Bu-b)4

t =
" Ah=4 A(l—a) 4

“4)
B stux popmynax

n
4 =0

— N, —(n3y — N3)b anzo—Nz_("m_Ns)a
b—a ’ a—>b

b

N3, N,, n3, 10 — PaBHOBECHBIE 3HAYEHUS] HACEIEHHOCTEH COOTBETCTBEHHO MPU Ha-
YaJbHON M KOHEUHOW TeMIleparypax,

a=(4-a)/f, b=(L-a)/p, a =Wy + W3+ Wy,

B=Wi3 =Wy, =Wy +Wy+Wy, ¥=W,—Wsy,

A1 M Ay — KOPHH XapaKTepUCTUIECKOTO ypaBHEeHUs cucTeMsl (1).

VYcnosus (3) u (4) maroT HaM HEOOXOAUMBIE COOTHOIEHUS Mexny Ty, Ty u
BEPOATHOCTAMHU Iiepexoja wi. B dactHoctH, npu T, < hvy/k Oymer N, =~ N; = 0.
Torna (3) u (4) 3KBUBAIEHTHO MTPOCTOMY COOTHOIIIEHHUO

Wip < Wi3. Q)

VYenosus (3) u (4) knagyT mpenen HadadbHOM TeMiiepaType, Tak Kak MpU O4YeHb
Oo0JIBIIION TeMmepaType HU NpU KaKOM COOTHOLIEHHH MEXAY BEPOSTHOCTSIMH Iepe-
X0Jla HE MOXET BO3ZHUKHYTh COCTOSIHUE C OTPULIATEIBLHON TeMnepaTypoi. ITo mpo-
HU30UJET B TOM CIy4ae, €CJIU
N; + N, £2N,
WIH
1+exp(hvy /KT, ) < 2exp(hvs, [kT,,). (6)

AHaJOTHYHBIA aHAIM3 MOXKHO TPOBECTH U s cirydast 1, > Ty, T.e. Ipu pes-
KOM OXJIQXJICHUH CUCTEMBI.

3. KoHKpeTHBIM MPUMEPOM TAKOM CUCTEMBI MOXKET CIIy>)KHTh CMECh Hapa- u
OpPTOBOIOPOJA.
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J— J+£ 1 must be accompanied by a change in molecular modification and there-
fore has a small probability [2]. Because of this, a mixture of ortho- and parahydro-
gen behaves like a two-component gas, and when the temperature is changed, ther-
mal equilibrium with respect to the energy of the reciprocating motion and the
internal energy of each component is fairly rapidly established, but equilibrium be-
tween the components is attained only after a sufficiently long time if no catalyst is
present. Let we have ordinary hydrogen (ratio of ortho to para is 3:1). If we cool it
in the presence of a catalyst to below 20 K, then it transforms to pure parahydrogen
in the state J= 0. Upon subsequent heating without a catalyst the rotational levels
with even values of J will become filled. The levels with odd J will remain empty,
and a negative temperature state will have been created with respect to the transition
o = J oo )
Another example of a system permitting the realization of the proposed
method is a system of symmetric-top molecules. In these molecules transitions with
AK # 0 are strongly forbidden, so that during a sufficiently strong cooling of a gas
of these molecules, all the molecules are found in levels J = |K] and the number of
molecules in a given level J = |K] is determined by the summation over all states
J'K with J' > J at the initial temperature of the gas. Because of this distribution of
molecules over the levels, there will be a state of negative temperature for transi-
tions with AK # 0.
4. We can estimate the efficiency of similar systems:

n= Erad /EabS’ (8)

The maximum value of the efficiency will be obtained if the establishment of
equilibrium between the levels of the discrete part of the spectrum of one of the
subsystems and the emission of stored energy occur so rapidly that the second sub-
system does not change temperature significantly during this time:

1 ~
Mmax = E(nl - nk)hvik J. Cv (T) dTa (9)

where 7; is the population of the working level of the “heated” subsystem, and #; is the
is the

specific heat of the “heated” subsystem; ¥4 Avy(n;—ny) is the maximum radiated energy.
Sufficiently fast heating of the system plays an important role in this method
for increasing negative temperatures.
In some cases this can be accomplished using fast chemical reactions or
shock waves.

population of the working level of the “cooled” subsystem, whereby E; > Ej; C

v
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W3BectHO [1], uto B cuimy mpunnuna [laynu mapaBogoponx MMEET JHIIb YeT-
HBIE BpallaTesibHbIe YPOBHH (BpalaTebHOe KBAaHTOBOE YUCIIO J YETHO), @ OPTOBOAO-
POl — HedeTHbIe BpallarelbHble ypoBHHU (J HeueTHo). [lepexon ¢ u3MeHeHneM Bpa-
maTeabHOM dHepruu J — J + 1 TOIKEeH COIPOBOXKIATHCS H3MEHEHUEM MOI(HKAITNN
MOJIEKYJIBI ¥ TIOATOMY MajioBeposTeH [2]. B cuiy 3Toro cMech opTo- U mapaBoiopoaa
BeZleT ceOs KaK IBYXKOMITOHEHTHBIH Ta3, U IPYU U3MEHEHUH TeMIIEpaTyphl B CHCTEME
JOBOJIEHO OBICTPO yCTaHABIIMBACTCS TEIUIOBOE PABHOBECHE IO SHEPIHHU MOCTYATEb-
HOTO JBIKCHUS U BHYTPEHHEH SHEPrUM KAKIOH KOMIIOHEHTBI, HO AJIsl JOCTHXKEHHS
paBHOBECHS MEXIy KOMIIOHEHTaMH HEOOXOIMMO JOCTaTOYHO JIOJTO€ BpEMsi, €CITU
HET KaTaJm3aropa, yCKOPSIOIero 3TOT mporecc. IlycTs MBI mMeeM OOBIKHOBEHHBIN
BOZIOPO (OTHOIIIEHHE OPTO- M TapaBoaopoAa paBHo 3:1). Ecnu ero oximamuTh B mpH-
cyTcTBUM KaTtamuzatopa 10 7'<20 K, To oH mepeiiier B YUCTBIA NapaBOIOpPOS B CO-
crostauu ¢ J = 0. Ilpu nocneayromeM HarpeBe 6e3 KaTaauzaTopa OyAyT 3amodHATHCS
BpallaTeJIbHbIE YPOBHHU C YETHHIM 3HAauU€HHEM J. YPOBHHU ¢ HEUeTHBIM J OyayT ocra-
BaThCsl MyCTHIMU, U BOSHUKHET OTpHULIATEeNIbHASA TEMIIEpATypa MO Tepexory

J‘{eT N Jﬂequ. (7)

napa opro

Eme ogauM nmpuMepoM CHUCTEM, AOMYCKAOIUX Pealu3alyio MpeaIaracMoro
METOJIa, SIBIIAIOTCS MOJIEKYJIbl THUIIA CUMMETPUYHOTO BONYKAa. B 3THX Mojexyiax
CIWJIBHO 3ampeteHsl nepexoasl ¢ AK # 0 [2], Tak 9TO MpU JOCTATOYHO CUIBLHOM OX-
JKJIESHUH Ta3a, COCTOSAIIETO U3 MOJIEKYJ THIIa CHMMETPHYHOTO BOJYKA, BCE MOJIe-
KyJIBI OKaXyTCsS Ha YpoBHX J = |K| W 9nciao MOJIEKYJl Ha JaHHOM ypoBHe J = |K]
OTIPEJICIUTCS CYMMHUPOBAHHBIM I10 BCeM cocTosiHusM J'K ¢ J' > J npu HavanbHOM
TeMIeparype rasa. B cuiny takoro pacrpeneneHus MOJEKyJI IO YPOBHSAM, BO3HUKA-
€T COCTOSTHUE C OTPHIIATEIILHON TeMrepaTypoi 11 mepexonoB ¢ AK # 0.

4. M0oHO OIIeHUTh KO3 (PHUIIMEHT MOIE3HOTO AEHCTBUS OJOOHBIX CHCTEM 7]

n =Eu3n/ErlorJ1' (8)

MaxkcuManbHbIH KO3 (UITUSHT MTOIE3HOTO ACHCTBUS #max MBI TTOTYYUM B TOM
ClIly4yae, €CJIM YCTAaHOBJICHHE PABHOBECHUS MEXIY YPOBHSMU IUCKPETHON YacTH
CIIEKTpa OJHOW W3 MOJICHCTEM M BBICBCUMBAHMS 3alACEHHON IMPH ATOM JHEPTUHU
MIPOMCXOUT HACTOJIBEKO OBICTPO, YTO BTOPAsl M3 TOJCHUCTEM 3a 3TO BpeMs CYIIECT-
BEHHO HE MEHSIET TeMIIepaTyphI:

T,
1 F -
o = (=) | [ C,(D) T ©
T,
IJie 7; — HACEJICHHOCTh Pa00overo YpOBHs «HArpeTon» MOJCUCTEMBI, 71y — HACEJICH-
HOCTh pab0uero ypoBHSI «XOJIOTHOMY MOJACUCTEMBI, ipudeM E; > Ey; C, — Terioem-
KOCTb «HArpeToi» MOJCUCTEMBI; Y2 hvy(n;—n;) — MaKCUMallbHasl SHEPTHS U3ITyYCHUSI.
B paccMoTpeHHOM METO/Ie MOBBIMICHUS OTPHUIATENBHBIX TEMIIEPaTyp Bax-
HYIO POJIb UTPAET NOCTATOYHO OBICTPHIN HATPEB CUCTEMBL.
B psine ciaydaeB 3T0 MOKHO OCYIIIECTBUTH, UCTIONB3YS OBICTPO MPOTEKAIOIINE
XUMHYECKUE PEAKIINH WITN YIapHbIE BOJHEI.
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Exciting of a semiconductor quantum generator
with a fast electron beam?

N.G. Basov, 0.V. Bogdankevich, and A.G. Devyatkov

P.N. Lebedev Physics Institute, USSR Academy of Sciences
Submitted February 12, 1964

The first experiments on the excitation of nonequilibrium carriers in the en-
ergy bands of semiconductors by a fast electron beam with the aim of forming a
negative-temperature state were reported in [1, 2]. Here, we present the first ex-
perimental results on stimulated emission from a CdS crystal.

An irradiation of a CdS single crystal, mounted on a cold finger in a liquid-
helium cryostat, by a 200-keV electron beam led to intense green emission from the
crystal at a wavelength of 4966 A. The radiation intensity increased sharply with an
increase in the current density. A rise in the current density by a factor of 3 in com-
parison with the threshold value increased the radiation intensity by two orders of
magnitude. The emission line narrowed from 35 to 7 A simultaneously. The thresh-
old current depended strongly on the crystal quality.

The setup operated in the pulsed mode, with a current pulse width of 2 us and
a repetition frequency of several tens of hertz. At low current densities the after-
glow time was 2 ps. At maximum current densities the light pulse coincided exactly
with the current pulse in time.

The experiments performed showed that semiconductor lasers can be pumped
by a fast electron beam.
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Bo36y>xaeHune nosiynpoBOAHUMKOBOINo KBaHTOBOIro
reHepaTopa ny4ykoMm 6bICTPbIX 3/1€KTPOHOB*

H.r. bacos, O.B. borgaHkeBnd4, A.I'. [leBATKOB

dusnyecknin MHCTUTYT uM. IN.H. Jlebepesa Akagemumm Hayk CCCP
Moctynuno B peaakuuto 12 despans 1964 r.

Panee yxe coobmanock [1, 2] 0 mepBbIX OMbITaX MO BO30YKACHUIO C TIOMO-
IIbIO ITy4YKa OBICTPBIX AJIIEKTPOHOB HEPABHOBECHBIX HOCHUTENEH B 30HAX IOIYMPO-
BOJHUKA C LEJIbI0 CO3JaHUs COCTOSIHUSA C OTPULIATEIbHON TeMIiepaTypoil. B nannoi
3aMeTKe COOOINAEeTCs O MEPBBIX PE3yNbTarax 3KCIEPUMEHTOB MO MOTYYEHUIO BBI-
HY>KAEHHOTO M3Iy4yeHus u3 kpucramia CdS.

[Ipu obmydennn moHokpuctamna CdS, moMeneHHOTO Ha XJIaJ0NpOBOJIE B
TeJIMEBOM KPHOCTATE, ITyYKOM 3JIEKTPOHOB ¢ 3Heprueit ~200 k»B HabI012710CH UH-
TEHCHBHOE M3JIyYcHHE B 3€JEHOM YacTH CHeKTpa ¢ IMHON BomHbl 4966 A. Tlpu
YBEJIMYEHUH TUIOTHOCTH TOKA MHTEHCHUBHOCTH CBEUEHHs Pe3Ko Bo3pacrtama. [Ipm
M3MEHEHHUH IIJIOTHOCTH TOKa B TPW pasa BHIIIE IMOPOTOBOTO WHTEHCHBHOCTH CBEYe-
HUS YBEJIMUMBANAch Ha ABa nopsaka. OTHOBpeMEeHHO HAOIIOANIOCh CyKEHUE JTMHUH
msnydenus ¢ 35 10 7 A. TIoporoBsblii TOk CHIIHO 3aBHCEN OT KAY€CTBA KPUCTAJLIOB.

VYcranoBka paboTana B HMITyJIECHOM PEXHUME C IITUTEIHHOCTHIO UMITYIHCOB
TOKa 2 MKCEK M YaCTOTOW B HECKOJIBKO JIECSITKOB repil. ITpn MajibIX MIOTHOCTAX TO-
Ka JUINTENBHOCTD MOCIECBEUEHHs KpUCTA/lIa MOCTIe KOHIA UMITYJIbCa TOKa COCTaB-
nsima 2 MKcek. [Ipu MakcuMaabHBIX TIOTHOCTSX TOKAa UMITYJIBC CBETa TOYHO COBIIA-
JIaJl TI0 BPEMEHHU C UMITYJIHCOM TOKa.

[IpoBeneHHBIE OMBITH MOKA3BIBAIOT BOBMOKHOCTh HCIIONB30BAHUS ITyuKa OBICT-
PBIX DIIEKTPOHOB LTS BO30YKICHHUS ITOTYTIPOBOTHUKOBBIX KBAHTOBBIX T€HEPATOPOB.

Jutepatypa

1. HI. Bacos, O.B. Boeoankxesuu. XITD. 1963. T. 44. C. 1115.
2. B.C. Basunos, E.J]. Eecopos, 2.J1. Honne, C.H. Bunmogxun. ®TT. 1964. T. 6. C. 1406.

# Doknaabl AH CCCP. 1964. T. 155, N2 4. C. 783.

77



Observation of parametric amplification
in the optical range’

S.A. Akhmanov, A.I1. Kovrigin, A.S. Piskarskas, V.V. Fadeev,
and R.V. Khokhlov

Physics Faculty, Moscow State University
Submitted July 23, 1965

We report here the results of an experiment in which we observed directly
parametric amplification of an optical signal with wavelength 4;=1.06 um in a
KDP crystal excited by an intense pump wave with 4, = 0.53 um. The feasibility of
such an effect in the optical band and its theory were detailed in [1-3]; results of
experiments in which parametric amplification at wavelength A, = 0.63 um has been
indirectly registered are described in [4].

In a nonlinear medium with a polarization that depends quadratically on the
magnetic field intensity, the energy of an intense pump wave (frequency a,) can be
transferred to waves with frequencies @, and @, satisfying the relation @, = @, + w.
The energy transfer is most effective if the following relation is satisfied between
the wave vectors of the interacting waves (the so-called synchronism condition):

kl + k2 = kp. (1)

The parametric amplification effect has a clearly pronounced threshold. An
approximate relation (which is valid for sufficiently large crystal length /) for the
threshold-pump amplitude 4, 4, is [2]:

2 2 2 42 (2] Wy =@
2= 2\ o Ay (€117 Tepe)(e " eye) =55 5
- 2 — — — — — U0h. ( )
¢ kik,  —cosk;s, coss,z, cosk,s, coss,z,

Here e; are unit vectors characterizing the polarization of the interacting waves,
s; are their ray vectors, z, is the normal to the boundary of the nonlinear medium,

P
the damping decrements at the frequencies @;,. When 4,< A4, a wave of fre-
quency oy (signal wave) attenuates on entering the crystal, and the supplementary
wave of frequency @», which is produced in the crystal, first increases and then also
attenuates. Therefore indirect measurements of parametric amplification, for exam-
ple, by recording the difference-frequency oscillations (the procedure used in [4])
are not always reliable enough.

are the spectral components of the nonlinear polarizability tensor, and ¢; is

# JETP Lett. 1965. Vol. 2. PP. 191-193.
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Ha6nropeHne napaMeTpnMyecKoro ycuaeHus
B ONTUYECKOM Anana3oHe’

C.A. AxmaHoB, A.N. KospurnH, A.C. Nnckapckac, B.B. ®ajgees,
P.B. XoxsosB

dusnyecknii pakynotet MY nm. M.B. JlomoHoCOBa
MocTtynuno B pegakumio 23 uona 1965 r.

[IpemqmeTroM HACTOSIIEro COOOIIEHUS SIBISICTCS M3JIOKEHHWE PE3YJIbTATOB IKC-
MIEPUMEHTa, B KOTOPOM HEITOCPEACTBEHHO HAOIIOIATIOCH TTApaMETPUIECKOE YCHUIICHHE
ONITHYECKOTO CHUTHANIA ¢ JNIUHOW BONHHEI A, = 1,06 Mkm B kpuctamie KIIII, Bo3Oyx-
JTA€MOM HMHTEHCHBHOW BOJHOHW Hakauku ¢ A, = 0,53 MxMm. Ilpeanoxenns o BOZMOXK-
HOCTH peaJln3alliy YKa3aHHOTro 3P QeKTa B ONTHYSCKOM JUANa30HE U €ro TEOpHs U3-
noxxkeHsl B [1-3]; pe3ynapTaThl OMBITOB, B KOTOPBIX MPOU3BOAMIACH KOCBEHHAS
perucTpanys napamMeTpuIecKoro ycuieHus Ha BosHe A, = 0,63 Mkm, ormucansl B [4].

B HenuHeliHoOl cpene ¢ mossipu3anivieil, KBaapaTUuHO 3aBUCSILEH OT HamIpsi-
YKEHHOCTH JJIEKTPUIECKOTO TI0JISI, JHEPTHU MHTEHCHBHOW BOJIHBI HAKa4dKH (4acToTa
@,;) MOXET TIepelaBaThCsl BOJHAM C YaCTOTaMH @ M (), yJAOBJIETBOPSIOIIUMHU CO-
OTHOILICHUIO @, = @ + @,. [lepenaua s3neprun npoucxoaut Haubdosee 3h(HeKTUBHO,
€CIIH BBITIOJHSETCS CJEeIyIoiee COOTHOIIEHHE MEXIYy BOJHOBBIMH BEKTOpaMHU
B3aMMOJICUCTBYIOMINX BOJH (TaK HA3bIBAEMOE YCIIOBHE CHHXPOHU3MA):

k; +k; = K,. (D

O¢ddexT mapameTpruecKoro yCuiIeHus 00aaeT 4eTKO BBIPAKEHHBIM TOPO-
roMm. [lpubmmxeHHOE COOTHOIIECHHE (CIPABEMINBOE TPH JOCTATOYHO OOJIBIION
JUTMHE KpUcTajuia [) Uil onpeaeneHusl OPOroBOl aMIUIUTYAbl HAKauKU Ay op UME-
et BuA [2]:

2 2w A2 @y~ -
2= 27\ oy Ay, (ey e, )(e,r e.e) 5.5 b
0= e = 0)0,. 2)
¢ kiky  —cosk;s, coss,z, cosk,s, coss,z,
3mech €; — EIUHUYHBIC BEKTOpa, XapaKTEPHU3YIOIIHE MOJSIPU3AIMI0 B3aUMOJICHCT-
BYIOIIMX BOJIH, S; — MX Jy4eBbIe BEKTOpa, Z; — HOPMajlb K IPAHMIIC HEIUHEHHOM
cpenpl, ¥y — CreKTpalbHble KOMIIOHEHThI TEH30pa HEJIMHEHHON MOJIAPU3YEMO-

CTH, O; — JEKPEMEHTHI 3aTyXaHUs Ha yacToTax @ . [Ipu Ay, < Ay o, BOTHA, BXOASIIAS
B KPUCTAJUT HA YaCTOTe @ (CUTHAJIbHAs BOJIHA), 3aTyXaeT, a pOAMUBIIasCS B KPUCTAJ-
JIe JONOJHUTENbHAs BOJIHA C YaCTOTOM @, CHayaia pacTeT, a 3aTeM TaKKe 3aTyxaer.
[ToaTOMy KOCBEHHBIE METO/BI U3MEPEHUS MAPaMETPHUECKOTO YCHUJIEHUS, HAIIPUMED
[0 PETHCTpali KOJIEOaHUI Pa3HOCTHOW YacTOTHI (MMEHHO Takas METOAWKa Obuia
npuHsITa B [4]) HE BCEr/1a OKA3bIBAIOTCS TOCTATOYHO HA/ICKHBIMHU.

* Mucbma B XIT®. 1965. T. 2. C. 300-305.
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Oscilloscope
E
KDP-II
1.06 pum 106 pmp71.06 1.06 pm—1-06 wm l g
@A 2
0.53 um T

0.53 um"~0.53 pm
Glass:Nd** KDP-I  F, L F, D
Fig. 1. Block diagram of experimental setup: filter S3S-21 (F7), infrared filter IKS-1 (F), dia-
phragm (D), cylindrical lens (L;), plane-parallel plate (P)

In our experiments with KDP crystals, condition (2) was satisfied by using an
optical frequency doubler as a pump generator'. A block diagram of the experimental
setup is shown in Fig. 1. A neodymium-glass laser was used as the master frequency-
doubling generator (KDP-I crystal /=3 cm long), and served simultaneously as the
generator of the amplified signal. At the output of the frequency doubler, the power
ratio of the second harmonic (P,) to the fundamental radiation (P;) was P»/P; =0.2—
0.3. After passing through the filter system F), this ratio became equal to P,/P; = 10*—
10°. Thus, the second, amplifying KDP crystal was fed with a weak signal
(4 =1.06 um) and a powerful pump wave (4, = 1.06 um). The pump was focused on
crystal KDP-II (/=3 cm) with the aid of a cylindrical lens L; (focal distance 13 cm)
so that the pump power density in the second crystal reached S,=100 MW/cm®. A

two-channel photoelectric circuit or photographic film was used to register the change
in the signal intensity in the KDP-II crystal.

The most illustrative results are those obtained by photography of the output
signal. Figure 2 shows curves obtained by photometry of the photographed cross
section of the signal beam at the output of the amplifier crystal. The abscissas repre-
sent the angle 6 measured from the synchronism direction in a plane passing
through the optical axis; the ordinates represent the signal power in relative units.
Curve I corresponds to the pump “turned off”, and curves 2—5 to the pump “turned
on”. The latter were obtained under identical controlled experimental conditions.
The pump was “turned off” either with the aid of an infrared filter, which left the
signal power practically unchanged, or by changing the orientation of the pump
beam relative to the synchronism direction in the KDP-II crystal (the gain dropped
almost to zero when the beam deflection exceeded 10’).

The curves show that appreciable parametric amplification takes place only

in a relatively narrow angle AH}@ =10". The maximum gain G,,,x corresponds to the
exact synchronism direction. In our experiments, Gy, fluctuated from flash to flash
(see Fig. 2); the average value registered experimentally was G, =2.5. The theo-

retical value G = exp[2(T',—&,)!] for our experimental conditions amounts to

14 (we used the following values: F0=2.2X10’6Ap cm’! (4, is in V/em), S, =
=10® W/em?, /=3 cm, and & =0.05 cm™'). The theoretical value of AHS’ (the so-

! The possibility of observing nonlinear effects in the radiation field of such a generator was
demonstrated earlier [5].
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Ocrmiorpad

©3 KII-11
A ,06 MKMl

1,06 mxm 1 06 mrm[]1,06 MKM 1,06 MkMm
- >ﬂ> - Eﬂo
0,53 mxm*- 0,53 MM 0,53 MM T oIy
Crexno:Nd** KIOI-1 &, 11 JI, @, a

Puc. 1. brok-cxema skcnepuMeHTanbHON ycraHoBKH: @ — ¢unstp C3C-21, @, — un-
¢dpaxpacusrit pmwietp UKC-1, J — muadparma, /I, — nunuHAPUYEcKas JuH3a, [1 — 11oc-
KOTIapaJuieNbHasl TIIaCTHHKA

B nammx omeitax ¢ xpuctramwiamu K/II ycnoBue (2) ynoBiIeTBOPAIOCH NPU
WCTIOIb30BaHUY B Ka4eCTBE T€HepaTopa HaKayKK ONTHYECKOTO yIBOUTEINS YacTOTHI .
brok-cxema 3KcriepuMeHTaNbHOW YCTAHOBKM IOKa3aHa Ha puc. 1. 31ech jasep Ha
CTEKJIe, aKTHBUPOBAHHOM HEOJIMMOM, HCIIOJIH30BAJICA B KAUeCTBE 33afOIIET0 TeHe-
patopa yaBoutens 4actoTsl (kpuctamt KATI-1 gmuHol /=3 cM) 1 OMHOBPEMEHHO B
Ka4yecTBE IeHepaTopa yCHINBaeMoro curHajia. Ha BeIxone yIBOUTENS YaCTOTHI COOT-
HOIIICHHE MOIIHOCTEH BTOPOH TapMOHHKH (P;) M OCHOBHOTO M3Iy4deHUs (P;) coCTaB-
asuto Po/Py = 0,2-0,3. Tlocine cucteMbl GUIBTPOB @ 3TO OTHOIICHHE CTAaHOBHUJIOCH
paBHBIM P5/P,=10"-10°. Takum o6paszom, Ha BTOPOi, yCHIMTENbHBI KPHCTAILI
KIT monaBanicst cnadwiii curHan (A, = 1,06 MKkM) 1 MOIIIHAs BOJHA Hakadku (A; =
= 0,53 mxm). Bomrna Hakauku (oxycupoBanack Ha kpuctaymut KJII-II (/=3 cm) ¢ no-
MOIIBIO IMITHHIPAYECKON uH3BI JI; (pokycHOe paccTrosgnue 13 cMm), Tak 4TO IJIOT-
HOCTb MOIIHOCTH HAKa4K{ BO BTOPOM KpHCTalLTe pocturasa S,= 100 MBr/cm?. Jst

PEruCTpaLy U3MEHEHUS] MHTEHCUBHOCTH curHana B kpuctaiuie KJII-II ncnosns3oBa-
Jach IByXKaHAIIbHAsT POTOIJIEKTPUIECKast cXeMa Wil (OTOTUICHKA.

Hanbonee HarnmsaHBIMU SIBISIFOTCS Pe3yJIbTaThl, TOMy4YeHHBIE TpH (oTOrpa-
(hrueckoit permcTpanii BRIXOJHOTO CHTHaja. Ha puc. 2 mpuBenIeHB KPHUBBIE, T0-
Jy4eHHBbIE IyTeM (OTOMETpUpPOBaHUs (oTorpaduii MONEPEYHOr0 CEYCHHUsS IJTyda
CUTHajla Ha BBIXOJE YCHJINTENBHOTro KpucTamia. [lo ocu abcuucc oTioxeH yroiu 6,
OTCUHUTHIBAEMBIN OT HAIpPaBICHUS CHHXPOHM3Ma B INIOCKOCTH, MPOXOIAIIEH depes
ONTUYECKYIO OCh; TI0 OCH OpJIWHAT — MOIIHOCTh CHUTHAJla B OTHOCHTEIBHBIX €IH-
Hunax. KpuBass / COOTBETCTBYeT «BBIKIIOYEHHOW» Hakauke, a KpuUBble 2—5 —
«BKJIIOUYEHHOW». [IpndeM mocieqHue MoJydeHbl MPU OJUHAKOBBIX KOHTPOJIHPYE-
MBIX YCJOBHSAX ONBITa. «BBIKIIIOYEHNE» HAKauKW OCYIIECTBISUIOCH JHUOO C TIOMO-
b0 MH(paKpacHOro (HUIbTPa, OCTABIAIOLIETO MOIIHOCTh CUTHANIA MPAKTUYECKU
HEU3MEHHOW, MO0 MyTeM W3MEHEHHsS OpPHEHTAIH Jyda HaKauykh OTHOCHUTEIHHO
HampasieHus: cuHxpoHusma B kpuctaie KII-II (ycunenne nmpakTudecku MOJHO-
CTBIO MIPOMAZAJo NpH YIIIOBOM OTKJIOHEHHH, O6mbIeM 10").

W3 npuBenEeHHBIX KPUBBIX BUAHO, UTO 3aMETHOE MMApaMETPUUECKOE YCUIIEHNE

MMEET MECTO JIUIIb B CPABHUTEIBHO Y3KOM YIJIE Aﬁf): 10". MakcuManbHOE yCHU-

JeHUue G COOTBETCTBYET TOUYHOMY HAIPABICHHUIO CHHXPOHU3MA. B Hammx OIbI-
TaX BeMHYUHA Gy QIYKTYHpPOBAJA OT BCIIBIIIKKM K BCHBIIIKE (CM. pHUC. 2); CpenHee

! Bo3MOXHOCTb HabnoAeHNS HeNMHENHbIX 3DMEKTOB B NOE U3NTyYeHNs TaKoro reHepaTopa
6bl1a NpoAeMOHCTpMpoBaHa paHee [5].
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Fig. 2. Angular distribution of signal
intensity at the output of the amplify-
ing crystal

called capture angle) is determined from the
condition A =kAOP=2kT, (here A= 2k—k,

for rays deviating from the synchronism di-
rection). For our crystals k=0.25x10" cm

and AHS):I.S’. The difference between

A@;t) and AH}@ is connected, in our opin-

ion, with the finite width of the spectrum
and with the divergence of the pump wave.
The appreciable fluctuations of the
parametric amplification from pulse to pulse
and the small average gain (compared with

theoretical) may be due to singularities of

the parametric interaction in the degenerate mode. Indeed, we know that in the de-

generate mode the gain is equal to G only in the presence of an optimal phase

shift between the pump and the signal. In our installation the phase shift was pro-
duced by a system of filters located between crystals I and II. At the same time, it
must be noted that the phase selectivity of the degenerate optical parametric ampli-
fier with multimode pumping (in our experiments the width of the pump spectrum
reached 10 A) is smaller than under single-mode conditions; the spectrum of the
multimode signal broadens upon interaction with the multimode pump; additional
modes appear, the gain of which is governed by the laws of nondegenerate paramet-
ric amplification.

The gain attained by us is sufficient for realization of a parametric light gen-
erator—a device which makes possible continuous tuning of the frequency of co-
herent optical oscillations®.

We are grateful to V.G. Dmitriev for useful discussions.
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3HAYEHHE, 3aPErHMCTPUPOBAHHOE DKCIIEPUMEH- 1, otH. en.
TanpHO, cocTaBmsuio G, ,..=2,5. Teoperu-

geckoe 3HaueHme G =exp[2(I'y—3.)!]

JUIL YCIIOBUM, COOTBETCTBYIOLIMX OKCIIEPH-
MeHTy, coctapmier GP'=14 (3mech wuc-

Makc

MOJTK30BATIUCH  CHIEAyIoNMe 3HaueHus: [o=
:2’2'104141{ eM ' e A, BEIpaXXEHO B B/cMm, . .
S, =10*Br/em’; I=3cm; 6,=0,05¢em ). Teo- 20 15 10 5 6 5 10 1

1
5 20
pernueckoe 3Hauenne AQ\ (Tak HasbiBae- 6, e
Puc. 2. Pacnpenenenne HHTEHCHUBHO-

o CTH CHIHAJIA HA BBIXOJE YCUIUTEIBHO-
yenous:  A=kAO,"=2kl'y (3mecb A= 1o kpucraiia 10 HanpaBICHHM

=2k, — ky st mydei, OTKIIOHSIIOIIMXCSI OT Ha-
MIpaBlieHUsl CUHXPOHM3MA). [ Hammx Kpu-

MBI YTOJI 3aXBaTHIBAHUS) OMPEACISICTCS W3

crawio k= 0,25-10*cm ' u AH}(,T) = 1,5'. Paziuuue A@ﬁﬂ u AH}@ CBSI3aHO, TI0 HAIIEMY

MHEHHIO, C KOHEYHO! IITMPHHON CIIEKTPa ¥ PaCXOIUMOCTHIO BOJTHBI HAKauKH.
3HaunTeNnbHbIe (PIYKTYaluu MapaMeTPUYECKOro YCWICHUS OT HMITYJIbCca K
WMITYJIbCY ¥ HeOObIIast (B CPAaBHEHUH C TEOPETHUYECKOM) BETMUUHA CPETHETO YCH-
JICHUSI MOTYT OBITh CBSI3aHBI C OCOOCHHOCTSIMH MapaMETPUUECKOTO B3aUMOACHCTBHSA
B BBIPOKACHHOM pekuMme. JIeWCTBUTENBFHO, B BBIPOXKIEHHOM PEXHME BEIHYMHA

YCUJICHUS paBHA G]\(,[?K()Cp), KaK U3BCCTHO, JIUIIb NP HAJIWYUHN OINTUMAJIBHOIO CABUTA

(ha3 MexITy HaKauKOW M CHTHAJIOM. B Harmeit ycraHoBKe poiib (Da3oBpamiaTeIns ur-
payna cuctema (UIBTPOB, PACIONIOKECHHBIX Mexay kpuctauiamu | u II. Bmecte ¢
TEM CIIeyeT OTMETUTh, YTO (a30Basi CEICKTHBHOCTh BBIPOXKIACHHOTO ONTHYECKOTO
MapaMeTpUIECKOro yCHJIUTEIS C MHOTOMOJIOBOM HAaKauKoW (B HAIIMX OMBITAX IIH-
pUHA CHeKTpa Hakadku focturana 10 A) MeHbITe, HEXeIU B OJHOMOIOBOM PEKH-
M€, CIICKTp MHOTOMOAOBOI'O CUIHAJIa IIpU BSaHMOZ[eﬁCTBHH C MHOFOMOI[OBOI\/'I Ha-
KauKOW pacluupsieTcsi; MOSBISIOTCS AOMOJHUTEIbHBIE MOJBI, YCHIEHHE KOTOPBIX
MIPOUCXOUT IO 3aKOHAM HEBBIPOKICHHOTO MAPaMETPUUECKOTO yCHICHUSL.

JocTurayToe HaMu 3HAYEHUE YCWIEHUS NOCTATOYHO JUIsl peajiu3aluu napa-
METPHUYECKOT0 TeHEepaTopa CBeTa — MPUOOPa, TO3BOJISIOMIETO OCYIIECTBUTH IJ1aB-
HYIO [IEPECTPOMKY YaCTOTBI KOTE€PEHTHBIX ONTHYECKUX KoneGaHumii’,

Mpr1 npusHatensssl B.I'. IMuTpueBy 3a none3Hble JUCKYCCHU.
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The generation of negative-temperature states in semiconductors was pro-
posed and theoretically analyzed in [1-4]. The recombination luminescence in a
GaAs crystal pumped by a ruby laser was observed and experimentally investigated
in [5]. Here, we report the results of the preliminary studies of the induced
radiation and lasing of a GaAs semiconductor crystal pumped by a Q-switched ruby
laser.

The sample (Fig. 1) cut from a GaAs single crystal was 2x1 mm in size and
0.5 mm thick. The polished flat sample surface S, exposed to the pump light, lay in
the (111) plane. The two surfaces S; and S, with the (110) orientation (i.e., perpen-
dicularly to S) formed a plane-parallel cavity. The sample was mounted on a cold
finger cooled by liquid nitrogen. For the convenience of alignment, an GaAs injec-
tion laser was located near the sample. The radiation from the GaAs single crystal
(and from the p—n junction laser) was directed to an ICP-51 spectrograph. A fil-
ter F, opaque for the pump light (1= 6943 A), was installed before the spectro-
graph. The sample radiation was either recorded on a photographic film or detected
visually, using an image converter. The energy of the pump laser pulse was moni-
tored by a photomultiplier.

An exposure of the GaAs sample to an unfocused ruby laser pulse with an
energy of about 0.1 J (power 2 MW) yielded a rather narrow recombination lumi-
nescence line in the spectral range from 8340 to 8400 A at the output of the ICP-51
spectrograph. An increase in the pump pulse energy to 0.15 J led to a sharp narrow-
ing of the lasing line at the wavelength A = 8365 A. The line narrowing was accom-
panied by a narrowing of the directional radiation pattern of the sample and a sharp

Fig. 1. (/) Q-switched ruby laser; (2) sample
(GaAs single crystal); (S;,S;) sample reflecting
planes, forming a cavity; (3) cold finger; (4, F) filter
opaque for the pump light; (5) ICP-51 spectrograph.

(:))) pump light direction and (—) radiation from

the sample

#Sov. Phys.-Dokl. 1965. Vol. 10. P. 343-344.
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MHayumpoBaHHOe U3JlyueHue B apceHumae rajaiuvs
npu onNnTUYECKOM BO36y>kaeHun*

H.l. bacos, A.3. Ipacrok, B.A. KatynunH

dusnyecknin MHCTUTYT uM. IN.H. Jlebepesa Akagemumm Hayk CCCP
MocTtynuno B pegakumio 4 aHeaps 1965 r.

ITonydeHue coCTOSHUI ¢ OTPULIATENBHON TEMIIEPATYPOM B IOJIYNPOBOAHHUKAX
OBLJIO TIPETIOKEHO M TEOPETUICCKH HccienoBano B [1—4]. B [5] Habmogamoch u SKc-
MEPUMEHTAILHO FCCIIEIOBATIOCh PEKOMOMHAIIMOHHOE cBeueHne kpucraiuia GaAs mnpu
BO30YKJICHUU €T0 CBETOM ONTUYECKOT0 KBaHTOBOTO renepartopa (OKI') Ha pyOune. B
JTAHHOW Pa0OTe M3JIararoTCs Pe3yNbTaThl MPEABAPUTEIBHBIX HCCICAOBAHUN UHITYIIN-
POBaHHOTO W3IYYEHWS W TEHEpalyy TONyNPOBOIHUKOBOTO Kpucramia GaAs mpu
B030yxkneHnu ero ceeroM OKI™ Ha pyOrHE ¢ MOy TMPOBaHHOM JOOPOTHOCTHIO.

O6pazern (puc. 1) pazmepamu 2x1 MM, TommmaONH 0,5 MM U3rOTOBISIICS U3
MoHOKpucTauindeckoro GaAs. [lommpoBaHHas Maockas MOBEPXHOCTH oOpasia .S,
oOyiydyaeMasi CBETOM HaKadK{, COBMaJalla ¢ KPUCTAIIOrpapuyecKod MIOCKOCTHIO
(111). Be meprieHAMKYJSPHBIE K HEHW IUIOCKOCTH Sj, S;, COOTBETCTBYIOIIHNE KPH-
crayuorpadudeckoii miockoctu (110), 00pa3oBbIBaIM TUIOCKOIAPAIUICTBHBIN Pe30-
HaTop. O0pasern Kpenuiics K XJ1aJ0NpoBOIY, OXJIaXKIAEMOMY KXHIKAM a30ToM. s
yI00CTBa IOCTHPOBKH PAAOM ¢ 00pasmom rnomemancs nmkeknnonaeii OKI™ u3 ap-
ceHua rajutus. M3mydenue oT MoHOKpucTaudeckoro obpasna GaAs (u OKI' nHa
p—n-nepexoje) Hanpasisuiock B ciekrporpad MCII-51. Tlepen criekrporpadom yc-
TaHaBnuBajica QUILTP @, He MPOMYCKABIIMIA cBET Hakauku (L= 6943 A). Peruct-
patus u3aydeHus: oopasia Benach 00 Ha (GOTOINICHKY, THO0 BU3YAIBHO C ITOMO-
LIBI0 3JICKTPOHHO-ONTHYECKOTO MpeoOpazoBarTeis. DHEPrHsl UMITyJIbCa H3TyUYeHUs
OKI" Hakayku KOHTPOJIUPOBAIACH C TOMOILIBIO (POTOYMHOKHUTEIIS.

[pu o6ydennn obpazua GaAs HeCPOKYCHPOBAHHBIM CBETOBBIM UMITYJIHCOM

OKI" na pybune c sHeprueii okono 0,1 Jx (Momuocts 2 MBT) Ha BbIXoae crek-
tporpada MCII-51 HaGmromanack Cy>KCHHAasl CIIEKTpalbHAs JUHUS PEKOMOWHAIIN-

Puc. 1. / — OKI Ha pyOumHE ¢ MOJIYJTHPOBAHHOM
JOOPOTHOCTEIO; 2 — MoHOKpucTawt GaAs; Sy, S, —
OTpakalollue IJIOCKOCTH o0pasia, oOpasyrolue pe-
30HaTop; 3 — Xxaagonposox; 4 — (@) — GuieTp, He
MPOMYCKAOMIMIA CBETa HAKa4KH, 5 — CIeKTporpad

UCTI-51. :: HaIpaBJICHHWE CBETAa HAKAYKW; —> W3-

JIydeHue odpasia

# Doknaabl AH CCCP. 1965. T. 161, N2 6. C. 1306-1307.
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Uy, A increase in the spectral line in-
tensity. The results of treating
the spectrogram of the sample
lasing and the p—n junction laser
radiation are shown in Fig. 2.
The relatively large
| | | | | lasing linewidth A1 =32 A ap-
8330 8365 8400 8435 8470, A Pears to be duc fo the large
number of the types of oscilla-
tions whose eigenfrequencies
correspond to the spectral range
covered by the spontaneous re-
combination luminescence line;
these lines obey simultaneously the self-excitation condition. Indeed, even the
wavelength range between the axial modes in the cavity was 1 A, i.e., below the
spectrograph resolution (4 A). Hence, the separate lasing modes could not be
resolved.
As was noted in [6,7], the best way to form the negative-temperature state in
a semiconductor of the GaAs type (with a high probability of interband radiative
transitions) is to use monochromatic radiation with a photon energy slightly exceed-
ing the bandgap energy. Such radiation can be obtained in the case of Raman scat-
tering of ruby laser radiation from liquids and gases. The GaAs sample was pumped
using the Raman Stokes component of ruby laser radiation in liquid nitrogen [8]. To
this end, a Dewar flask with liquid nitrogen was placed between the laser and sam-
ple. A lens was installed before the input window of the Dewar flask, and a second
lens, confocal with the first one, was placed at the output window. An IR filter,
transparent for only the Raman Stokes component (1 = 8281 A) was placed before
the sample. The measurements

6 Sample p—n-junction

0

Fig. 2. Emission spectral lines of the sample (carrier
concentration 2x10"” cm, mobility 3500 cm®V s
and p—n junction injection laser

I, A showed that at a laser pulse en-

10 ergy of about 0.3 J up to 15 %

gL of the total energy is trans-

formed into the Stokes compo-

6 nent. With a Stokes component

R slightly focused to 0.2 J.cm 2,

4r lasing arose both at liquid-

2L nitrogen and room temperatures

(Fig. 3). The quantum yield was

0 83|10 : 83|50 : 83|90 : 84I30 TA about 4%, and the laser beam
. L o ’ divergence amounted to 4°.

Fig. 3. Sample lasing line at liquid-nitrogen tempera- We are grateful to

. . 17 -3 o
ture (cagrle: cﬁcl)ncentratlon 1.5§x10 cm~, mobility P.G. Eliseev for developing the
4450cm™V s ) under pumping by the Raman .o
Stokes component of ruby laser radiation in liquid ni- technology and . fabricating
trogen. A similar GaAs lasing line was also observed ~ Plane-parallel cavities by the
at room temperature, peaking at pu A =~ 9000 A splitting method.
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OHHOT'O CBEUYEHHS B CHEKTPAILHOM
uHteppasie ot 8340 nmo 8400 A.
[Ipu yBeIMYEHUH SHEPIHUHA UMITYJIh-
ca ceera Hakauku g0 0,15 JIx Ha-
CTyHajlo pEe3KOe CYKEHHE CIICK-
TpaJIbHON JIMHMM (TCHepalus) Ha
nmuHe BonmHBI A= 8365 A. Cyxe-
HUE CIIEKTPAJIBHOW JIMHWUU COMPO-
BOXKJIAIOCH CY>KEHHEM JHUarpaMMbI
HaIpaBJIeHHOCTH W3Iy4eHHus 00-
pasla, a TaKKe pPEe3KUM yBelude-
HUEM CIIEKTPaIbHOW WHTEHCHUBHO-
cTH nuHUH. Pe3ympTartel o0paboT-

Iy, A
6 O6pasenr  p—n-nepexon
4
2
0L I I I I
8330 8365 8400 8435 8470A
A

Puc. 2. CrektpaibHbIC JHHUU TeHEpaluu oopas-
na (koHuenTparms Hocutenein 2-10'7 cm?, mox-
BIDKHOCTH 3500 CMz/(B~CeK)) U WHXXEKIIMOHHOTO
Jla3epa Ha p—n-nepexose

KM CIIEKTPOTPaMMBbI T€Hepaiuu 00-

pasua u OKI" Ha p—n-niepexoje mpeacTaBlieHbl Ha puc. 2. CpaBHUTEIHHO OOJbIIAs
IIMpKMHA TMHUU reHepanuu AA =32 A, no-sumumomy, cBsi3aHa ¢ GOIBIIAM YHCIOM
TUTIOB KOJIeOaHUH, COOCTBEHHBIC YaCTOTHI KOTOPHIX MPUXOMITCS HA CIEKTPATHHBIN
WHTEpBaJ, 3aHUMAaeMblll JTHHUEH CIOHTAHHOTO PEKOMOWHAIIMOHHOTO CBEYCHUS, W
JUTE KOTOPBIX OJHOBPEMEHHO BEITIONHSIETCS YCIOBHE CaMOBO30YXaeHus. JlefcTBH-
TEJIHHO, MHTEPBAJ (B [UIMHAX BOJIH) Ja)K€ MEXKIy aKCHAITBHBIMH MOJIaMU B pPE30HA-
Tope coctaBnsan 1 A u ObLT MeHbIe paspemraroniel crocoOHOCTH crieKTporpada,
paBHoit 4 A. DT0 He M0O3BONIANO PA3PEIIUTD OTAENLHEIE TeHEPHPYEMbIE MOJIBL.

Kak ormeuanock B [6,7], s co3aHusl OTPULIATENBHOW TEMIIEPATyphl B IO-
mynpoBogauke THIa GaAs (¢ OONBIIONH BEpOSITHOCTHIO M3ITydJaTeNBbHBIX MTEPEX0/I0B
30Ha—30HAa) JIydllle BCEr0 HCIIOJIb30BaTh MOHOXPOMATHYECKOE M3Iy4YeHHE, y KOTO-
poro sHeprus (OTOHA HE3HAYM-

TCJIBHO TIPEBBINIACT DdHEPreTHYC- I, A
CKyI0 INMpHMHY 3ampemeHHoi zo- 10
Hel. Takoe W3NMy4YeHWE MOXKHO gL
MONYYUTh TPU KOMOWHAIIMOHHOM
30 A
paccesaun cBera OKI' Ha pyOune 6
B JKHIKOCTAX M rasax. s Bo30y- .
xaeHus oopasua GaAs Hamu ObLIa ar
WCTIIONb30BaHA CTOKCOBAa KOMIIO- oL
HEHTa KOMOWHAITMOHHOTO pacces-
Hus uznydenuss OKI' Ha pyOune B 0 ! ! ! ! ' ! '
8310 8350 8390 8430 4, A

xkuakom aszore [8]. s atoro me-
x1y OKI' u oOpazuom nomernancs
Iproap ¢ KUIKUM azoToM. llepen
BXOJTHBIM OKHOM Jbl0apa yCTaHaB-

Puc. 3. CnekrpanpHas TUHHS T€Hepaluu oopas-
na (mpu TemrepaTtype KUAKOTO a30Ta) (KOHIIEH-
Tpanus HOCHUTEIeH 1,55~1017CM’3, TOIBWXHOCTH
4450 cM*/(B-ceK)) o ACHCTBHEM CTOKCOBOM KOM-

JIUBAJACh JIMH3a, ¥ BBIXOJAHOTO OK-
HAa — BTOpas JIMH3a, KOH(OKAIb-
Has ¢ mnepBoil. [lepem oOpasiom
CTaBWICS HWH(PAKpacHBI CBETO-
(UIBTp, TPOIMYCKABIIMHA TOJBKO

MOHEHThl KOMOMHAIIMOHHOTO PACCEsIHUS U3Jyue-
nust OKI' Ha pyOuHe W xuaKoM asore. AHaio-
rU4Has JIMHKS reHepaunu GaAs HaOronanach u
IIpU KOMHATHOW TeMIeparype ¢ MaKCHMYMOM

npu A = 9000 A
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CTOKCOBY KOMIIOHEHTY KOMOMHAIHOHHOTo paccesHus (A= 8281A). Msmepenus
MOKa3alid, 4YTO IpH dHeprun B umiyibce u3nydeHuss OKI™ oxomno 0,3 [k B CTOKCOBY
KOMIIOHEHTY TipeoOpasyercs no 15 % Bceit sHeprun. [Ipu HeOombIoh Gokycupos-
K€ U3JyYEHUsI CTOKCOBOM KOMIIOHEHTHI 10 3HaueHuu 0,2 JI/cM” TeHepanys BO3HH-
KaJla KaK MPU TEeMIIepaType >KUIKOTO a30Ta, TaK W MPH KOMHATHOHN TeMIiepaType
(puc. 3). KBaHTOBBIN BBIXOJT COCTABISIT OKOJIO 4 %, pacXOqMMOCTh JTyda 4°.

ABTOpHI BeIpaxaroT OmarogapHocthb [1.I. EmriceeBy 3a pa3paboTKy TexHOIO-
THH 1 U3TOTOBIIEHHUE IJIOCKOTIAPaIIENbHBIX PE30HATOPOB METOIOM CKaJIbIBAHUSI.
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Laser with nonresonant feedback?®

R.V. Ambartsumyan, N.G. Basov, P.G. Kryukov, and V.S. Letokhov

P.N. Lebedev Physics Institute, USSR Academy of Sciences
Submitted February 9, 1966

1. In quantum generators operating in the radio and optical bands, the feed-
back is resonant [1, 2]. This is a consequence of the use of resonators (cavity in the
radio band and Fabry—Perot in the optical band), which have a minimum electro-
magnetic-energy loss in the region of relatively narrow frequency intervals. Genera-
tors with resonant feedback therefore emit one or several modes, which usually in-
teract weakly with one another and can be regarded as isolated.

In this letter we report achievement of laser action with nonresonant feedback
using high-gain ruby crystals. The nonresonant feedback was by backward scatter-
ing from a volume or a surface. When a light wave is incident on the scatters, one
part of the energy is dissipated in other modes of the “resonator” and another part
leaves the scatterer. As a result, the resonator modes interact strongly and, strictly
speaking, are not isolated. The natural-frequency spectrum of such a “stochastic”
resonator is continuous. The lack of resonant properties in a stochastic resonator
signifies that the generation frequency should not depend on the length of the
resonator, but should be determined by the resonant frequency of the active
medium.

2. The diagram of the laser is shown in Fig. 1. The active medium comprises
two ruby crystals 2 and 3 in series, each 24 cm long and 1.8 cm in diameter, whose
ends are cut at the Brewster angle to prevent self-excitation. The feedback was pro-
duced with the aid of mirror 4 which reflected 99 % of the light, and a volume or
surface scatterer /. The volume scatterer was a suspension of chalk particles with
diameter not more than 2x10~° ¢cm in water, and the surface scatterer was a plate
with a layer of sputtered MgO. The light flux transmitted by mirror 4 and attenuated
by filter 5 was recorded by photocell 6 and oscilloscope 7 and its spectrum was
measured with a Fabry—Perot interferometer. The gain of the weak signal in one
passage through the two crystals reached 900.

foet  osdioP
6 7

i 4

Fig. 1. Diagram of experiment

# JETP Lett. 1966. Vol. 3. PP. 167-169.
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Jlasep c Hepe3oHaHCHOW 06paTHON CBA3bIO*

P.B. AM6apyymsiH, H.I'. bacos, I1.I'. Kprokos, B.C. JletoxoB

dusmyecknin MHCTUTYT UM, N.H. Jlebenesa Akagemmn Hayk CCCP
MocTtynuno B peagakunio 9 dhespans 1966 r.

1. B KBaHTOBOM TeHepaToOpe paauo- W ONTHYECKOrO IHANa3OHOB OOpaTHas
CBSI3b SIBJIsIETCS pe3oHaHCHOH [1, 2]. [locrneanee ecTh cieAcTBUE MPUMEHEHUS PE30-
HaTOpoB (00BeMHOTO B pamuoanamna3one u @abpu—llepo B onTryeckoM auana3one),
KOTOpBIC UMEIOT MUHUMYM IIOTEPh JJICKTPOMATHUTHON DHEPTUX B 00JacCTH CpPaBHU-
TENIFHO Y3KUX MHTEPBAJIOB 4acTOT. [[03TOMy reHepaTophl ¢ Pe30HAHCHON 0OpaTHOI
CBSI3bI0 M3ITyYAIOT OJIUH WJIM HECKOJILKO THIIOB KOJeOaHWH, KOTOphIe OOBIYHO CI1a00
B3aHMO/IEHCTBYIOT MEXKAY COOOM M MOTYT PacCMaTPUBaThCA Kak N30JIMPOBAHHBIE.

B Hacrosmem nucbMe coodmaeTcs o MOTydYeHHH TeHepaluy ¢ Hepe3oHaHC-
HOW 0OpaTHOH CBA3bI0 Ha KpHCTAUIaX pyOMHA, MMEIOIIMX BBICOKOE YCHIICHHE.
HepesonancHast oOpaTHasi CBSI3b OCYIIECTBISIACh NMPH OOpPaTHOM paccessHHH Ha
paccenBaronieM oobemMe WiH moBepxHocTH. [Ipu mageHnn cBETOBOIT BOJIHBI Ha pac-
CeHBaTelb YacTh 3HEPTUU PACCEUBACTC B IPYTHE THITBI KOJICOAHUH «PE30HATOPA,
a Ipyras 4acTh IMOKUIAeT ero. B pesymnpraTe TUIIBI KONEOAHNH pE30HATOPa CHIBHO
B3aMMOJIEHCTBYIOT U, CTPOTO TOBOPSI, HE SIBIISIOTCS H30IMPOBAaHHBIMU. CIIEKTp cO0-
CTBEHHBIX YaCTOT TAaKOTO «CTOXACTUYECKOTO» PE30HATOpa SBISETCS CIUIOIIHBIM.
OTCyTCTBHE PE30HAHCHBIX CBOWCTB y CTOXAaCTHYECKOTO PE30HATOpa O3HAUYAET, YTO
4acTOTa TeHepaluu HE AOJDKHA 3aBUCETh OT JJIMHBI PE30HATOPA, a OMpeaesseTcs
PE30HAHCHOW YacTOTOH aKTUBHOTO BEIIECTBA.

2. Cxema nasepa npuBeeHa Ha puc. 1. AKTUBHOM Cpeloi SBJISIOTCS Ba MO-
ClleIOBaTEIbHBIX KpUcTaia pyouHa 2 u 3 miuHoi 24 cMm u nuamerpoMm 1,3 cM Ka-
JKIBIA, TOPIBI KOTOPBIX JUISI TPEIOTBPAIIECHUS CaMOBO30YKICHHUS Cpe3aHbl IO
yriaoM bproctepa. OOpaTHas CBsi3b OCYIIECTBIISIIACH C TIOMOIIBIO 3epKaia 4, oTpa-
xasirero 99 % ceera, 1 00BEMHOTO MM TTOBEPXHOCTHOTO paccenBatens /. B kaue-
CTBe 0OBEMHOT0 paccerBaTelNs NCIOIb30BaJIach B3BECh YACTHUI] MeJla IHaMEeTPOM He
Gomee 2:10° cM B BOJIe, a B KAYECTBE MOBEPXHOCTHOTO PACCEHBATENIS — ILIACTHHKA
co cioeM HambpiieHHOTo MgO. CBeTOBOIl MOTOK, MPOMYIIEHHBIH 3epKaioM 4 U oc-
TMaONIeHHBIN CBETOPUIBTPOM J, I PErHCTPALUU MOCTyNal Ha (OTORJIEMEHT 6 U
ocuniorpad 7, a Iid U3MEepeHus crekTpa — Ha 3tajgon Padbpu—Ilepo. Ycunenue
c1aboro CUTrHaja Ha ABYX KpUCTaJIax 3a mpoxo pocturaio 900.

e Fo-
6 7

] 4

Puc. 1. Cxema skcnepumeHTa

* Mucbma B XXIT®. 1966. T. 3. C. 261-264.
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Fig. 2. Laser emission below threshold (@) and above threshold (b)

3. The condition of self-excitation of the laser was in our case (24 > Qqen):

Quen @ _
Q. 2

k*r 1, (1)

where k is the gain in one passage, » is the reflection coefficient of the mirror,
Q. 1s the effective solid angle in which the generated radiation propagates, Q. is
the effective solid angle of backward scattering, and a is the backscattering coeffi-
cient in an angle 2z sr; the factor 1/2 is due to the complete depolarization of the ra-
diation upon scattering. Approximately we can set Qo= (P/L)’, where P is the
crystal diameter and L is the average distance between the mirror and the scatterer.
For an ideal scatterer Qi =2z In the experiment L =100 cm, P= 1.8 cm, and
r =~ 1.0. For scattering from a surface a = 0.9 and Q.= 27, and for volume scattering
o = 0.5 but Qi< 2x. Therefore the threshold gain in one passage is of the same or-
der in both cases, k£ =~ 200. The use of mirror 4 in the laser mode does not lead to the
appearance of resonant properties, but greatly reduces the generation threshold. If
two scatterers were used, the attained generation threshold gain would be & ~ 4x10*.

4. Figure 2a shows the oscillogram of the laser emission with pump energy
below threshold, and Fig. 26 — with above-threshold pump energy and feedback
produced by volume scattering. Figure 2b shows clearly the damped pulsations
characteristic of the lasing mode. The threshold is practically independent of the
angle of inclination of the scatterer, over a wide range, but increases with increasing
distance between the scatterer and the crystal, in agreement with condition (1). The
spectrum was investigated with the aid of a Fabry—Perot interferometer with air gap
3 cm. The radiation line width was smaller than 0.015 cm ' and was determined by
the resolution of the interferometer (the spontaneous emission line width of ruby is
15cm ™). An investigation of the beat radiation spectrum has shown that there are
no frequencies of the ¢/2L type, characteristic of lasers with resonant feedback. The
angular divergence of the radiation was ~ P/L, and the distribution of the radiation
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Puc. 2. Mzny4enue nazepa 10 nopora (a) 1 Bble nopora (6)

3. YcnoBue caMoBO30Y X IeH! Nla3epa B HareM cirydae (Qpace > Qreep) AMEET
BUJL

Q
kzl" TeHep g:l, (1)
Q 2

pacc

re kK — yCWJIEHHE 3a TPOXOJ; ¥ — KOA(P(PUIMEHT OTPaXKEHHS 3epKaNa; Qrenep —
3¢ GEKTUBHBINA TEJIECHBIH YTolI, B KOTOPOM PaclpOCTPaHIETCsl TeHEPUPYEMOe H3ITy-
4yeHue; Qp,ec — PPEeKTUBHBIN TenecHBIH yron o0paTHOro paccesHus; o — Kodd-
(uerT oOpaTHOTO paccesHUS B YToll 277 CTep; MHOXKUTEND 1/2 BO3HHKAeT M3-3a
TIOJTHO# JeMONAPU3ALHH H3TYYCHUs IPH paccesHun. [TPUOTIKEHHO Qenep = (P/L),
rae P — auamerp Kpuctaiuia, L — cpeqHee pacCTOSHHE MEXIY 3€pKajioM W pac-
ceuareneM. /[ naeansHoro pacceuBarens 2y, = 27. B akcnepumente L = 100 cm,
P=1,8cm, r= 1,0. Ilpu paccessauu Ha moBepxHOCTH a =~ 0,9, Q.. = 27, a IpH 00b-
eMHOM paccesHuH a = 0,5, HO Q. < 27. [Io3TOMY TOpOTOBOE yCHIIEHNE Ha MPOXOT
B 000HX ciy4asx ogHoro nopsaka k = 200. Mcnons3oBanue B ja3epe 3epkaia 4 He
MNPUBOAUT K IMOABJICHUIO PE30HAHCHBIX CBOI>'ICTB, HO CYHICCTBCHHO IMOHMXKACT MOPOr
renepanun. [Ipy ncnonb3oBaHuM ABYX pacceuBaresiell mopor reHepamnyy J0CTUTal-
cst ObI IpH ycunenuu k ~ 4-10°%,

4. Ha puc. 2a npuBeaeHa OocLWIIIOIpaMMa M3TYUEHHUS ja3epa NpU HaKauke
HWXE TIOPOTOBOM, a Ha pUC. 20 — TpW HaKayKe BHIIIE IMOPOTOBOW Mpu 0OpaTHOi
CBA3M Ha O00OBEMHOM pacceuBaresie. Ha puc. 26 OTUETIIMBO BHIHBI 3aTyXaroIIue
myJbCalluU, XapaKTCPHLBIC AJId PEKUMa I'CHECpalnuu. HOpOF MPAKTUYCCKU HE 3aBUCUT
OT yIjla HaKJIOHAa paccenBaTels B IIMPOKHUX Mpeeax, HO MOBBIIACTCS NPH yAaje-
HUUW paccerBartells OT KPUCTAlIa, YTO coryacyercs ¢ ycimorueM (1). MccnenoBanue
CIEeKTpa MPOU3BOAMIIOCH C TOMOIIbI0 3Tanona @adpu—Ilepo ¢ BO3AyLIHEIM ITpoMe-
KyTkoM 3 cM. IllupuHa UMK u3nydeHus Gbiia Menbme 0,015cM ' u onpenens-
Jlach pa3pelaromeil cnocoOOHOCThIO 3TajOHa (IIMPUHA JUHUU CIIOHTAaHHOTO U3IIY-
uenus py6una 15 cm '). UccnenoBanue crekTpa GHEHHIT H3IYUeH s OKA3aII0
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field in the far zone was quite homogeneous. A pulse with duration 200 nsec was
obtained in the case of Q-switching of the stochastic resonator.

5. The average frequency of the generated radiation in the laser with non-
resonant feedback was determined by the position of the center of the atomic transi-
tion, and not by the resonance of the feedback. It is consequently possible to
produce an optical frequency standard on the basis of a laser with nonresonant feed-
back. It is necessary to use for this purpose high-gain atomic transitions in a gas
discharge (Ne, Xe, etc.) operating in the continuous mode, and also scatterers with
narrow backscattering directivity pattern.

6. It must be noted that generation with feedback due to scattering by inho-
mogeneities of the crystal and by the matte side surface of the crystal can limit the
maximum gain. The case of generation by “random modes” by a matte side surface
of a crystal was considered theoretically by Fleck [3]. In our experiment such a
generation was produced at maximum pump energy, when the generation occurs in
a definite cone of angles.

References

1. N.G. Basov and A.M. Prokhorov. Zh. Eksp. Teor. Fiz. 1954. Vol. 27. P. 431 [Sov. Phys.-
JETP]; J.P. Gordon, H.J. Zeiger, and C.H. Townes. Phys. Rev. 1954. Vol. 95. P. 282.

2. A.M. Prokhorov. Zh. Eksp. Teor. Fiz. 1958. Vol. 34. P. 1658 [Sov. Phys.-JETP. 1958.
Vol. 7. P. 1140]; C.H. Townes. Phys. Rev. 1958. Vol. 112. P. 1940.

3. J.A. Fleck. J. Appl. Phys. 1965. Vol. 36. P. 1301.

B.C. JleToxoB
V.S. Letokhov

94



P.B. AmMbapuymsiH, H.I". bacos, I1.I". Kptokos, B.C. JleToxoB

OTCYTCTBHE YaCTOT THIA ¢/2L, XapaKTepHBIX ISl J1a3ePOB C pe30HaHCHOH 0OpaTHOH
CBS3BI0. YTIJIOBasl pacXOAWMOCTb M3NIy4eHus ~ P/L, a pacrpeeneHne moist u3inyde-
HHS B Z[&HI)HG?I BOHC ABJIACTCSA BECbMa OAHOPOAHBIM. HpI/I MOAYyJIAIN IIO6pOTHOCTI/I
CTOXaCTHYECKOT0 pe30HATOPa OBUT MOyYeH UMITYJIbC C JUINTeNBHOCTRI0 200 HCek.

5. Cpenssist 4acTOTa TEHEPUPYEMOTO M3JIy4YEHHUS B Ja3epe ¢ HEPE30HAHCHOU
00paTHOI CBSA3BIO ONpENENseTcs MONOKEHHEM LIEHTpa aTOMHOIO Iepexona, a He
pe3oHaHca oOpaTHOU cBsi3u. Clle0BaTENIbHO, HA OCHOBE Jla3epa C HEPE30HAHCHOM
00paTHOH CBSI3bI0 MOKHO CO3/aTh ONTHYECKUH CTaHAApT 4acToThl. Jms sToro cie-
IyeT UCIOJIb30BaTh aTOMHBIE MEPEXObl C OONbIIMM KO3()(HUIIMEHTOM YCUIICHHS B
ra3oBoM paspsiie Ne, Xe u Jp. B HENIPEPBIBHOM PEXUME, a TAKXKE PACCEUBATEIIU C
y3KOH quarpaMMoi oOpaTHOTO paccesHuUsI.

6. CriegyeT OTMETHTD, YTO TEHEpaNusa ¢ 0OpaTHOH CBSA3BIO 32 CUET PACcCesTHUS
Ha HEOHOPOTHOCTSX KpHCTaia 1 OOKOBOW MaTHPOBAHHOW IMTOBEPXHOCTH KPUCTAILIA
MOJKET OTPaHUYUTh MAaKCUMAJIbHOE YCHJIEHHE. TeopeTUUeCcKH cilydail TeHepaluu Ha
«CITy4aiHBIX MOJax» OOKOBOH MaTHPOBAaHHOM MOBEPXHOCTH KpUCTala paccMat-
puBaics B padore ®nexa [3]. B Hammx skcnepuMeHTax Takas reHeparis BO3HUKaA-
Jla IPU MaKCHMaJbHOW Hakauyke. B 3ToM ciydae reHeparyisi IpoUCXOAUT B OIpe/ie-
JIEHHOM KOHYCE YTJIOB.
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Population inversion in adiabatic expansion
of a gas mixture?’

V.K. Konyukhov and A.M. Prokhorov
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Submitted March 31, 1966

Several new methods of obtaining population inversion have been proposed
recently [1-3]. We show in this article that in some mixtures of molecular gases,
population inversion states in the vibrational levels are produced and exist for some
time following the adiabatic expansion. To this end, the molecules of the mixture
must differ appreciably in their vibrational relaxation times and be capable of ex-
changing vibrational-excitation energy.

Effective transfer of vibrational excitation between molecules of different spe-
cies occurs when the energies of the vibrational levels of the molecules are close to
each other. More accurately, for resonance exchange of vibrational-excitation energy
it is necessary to satisfy the condition |AE|< kT, where AF is the energy deficit.

By way of an example of resonant exchange of vibrational excitation we can
cite mixtures of nitrogen with carbon dioxide or with nitrogen dioxide [4]. In the
first mixture the exchange is between the level v=1 of the N, molecule and the
level (00°1) of the CO, molecule. At room temperature the transfer probability in
one molecule collision is ot~ 10,

We assume for simplicity that the concentration of the molecules that carry
the vibrational excitation in the mixture is much larger than the concentration of the
working molecules at whose levels the population inversion takes place. We can
then assume during the description of the relaxation processes that the concentration
of the excited carrier molecules in the mixture remains constant in time.

The equations that describe the change in the number of molecules of the
working gas at three vibrational levels, of which one (the third) can exchange vibra-
tional excitation with the level b of the carrier molecule (see the figure), are written
in the form

dn,
dt
dn,

_dt =Wy, + Wiy — Wyshy — Wyl 1y + n, + ny =n.

=Wty + Wy iy — Wy Ty + Wishy — Wiy + W3l

Here wy, is the probability of excitation of the working molecule by collisions with
the carrier molecules which are in the excited state; w,, is the probability of the re-
verse transfer of excitation from the working molecule to the carrier molecules; ws;,

# JETP Lett. 1966. Vol. 3, No. 11. PP. 286-288.
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MHBepcHas HaceNIeHHOCTb Npu agnabaTnyeckom
pacwmpeHum rasosoi cmecu’

B.K. KoHroxoB, A.M. lNpoxopos

dusnyecknin MHCTUTYT uM. IN.H. Jlebepesa Akagemmm Hayk CCCP
Moctynuno B pegakumio 31 mapTta 1966 r.

B mocnennee BpeMs ObLIO MPEAIOKEHO HECKONBKO HOBBIX CHOCOOOB TONY-
YEHUSI MHBEPCHOM HaceneHHOCTH [1-3]. B 3Tol cTraThe moka3aHo, YTO B HEKOTOPKIX
CMECSIX MOJEKYJISPHBIX Ta30B MPU aIna0daTHIecKOM PacIIMPEHUH BO3HUKAET U He-
KOTOPOE BPEMSsl CyIIECTBYET COCTOSHHE HHBEPCHOM HACEIEHHOCTH MO KojeOaTeib-
HBIM YPOBHAM. [[JIs1 3TOT0 MOJIEKYJIBI CMECH JOJKHBI UMETh CYIIIECTBEHHO Pa3iind-
HBIE BpeMeHa Koye0aTeNnbHOW perlakcalud M o0NafaTh CIIOCOOHOCThIO OOMEHH-
BaThCS YHEPTUEH KoJ1eOaTeIbHOTO BO30YKACHHS.

O¢ddexTuBHag Mepenada KonedaTETHLHOTO BO30YKACHNS MEXIY MOJIEKYJIaMHU
PasIMYHOrO COpTa MPOUCXOAUT B TOM CJIy4Yae, €CIIM JHEPrUU KoyiedaTesbHBIX
YpOBHEH MOJEKYJ OJHM3KH APYT K Apyry. TodHee, Ui pe30HAHCHOTO OOMEHa dHep-
rueil konebaTenbHOro Bo30YK/ISHHUs IOJDKHO BBITIONHSTECS yenoBue |AE|< kT, Tae
AE — nedunur sHepruu.

B xauecTBe mpuMepa pe30HAHCHOTO 0OMeHa KojaebaTeIbHBIM BO30Y KICHHEM
MOXHO MPUBECTH CMECH a30T—ABYOKHCH YTJIEpOJa M a30T—ABYOKUCH a3oTa [4]. ¥V
MepBOi cMecH 0OMEH IMPOUCXOIUT MEXITy YPOBHEM v = 1 Monexyisl N, U ypOBHEM
(00°1) monexyns CO,. IIpi KOMHATHOI TeMIepaType BEpOSTHOCTH Mepeiaun IpHu
OJIHOM CTOJIKHOBEHHH MOJeKy a ~ 107 [4].

JJist IpOCTOTHI MPEATONIOKIM, YTO KOHIIGHTPAIMS MOJIEKYJI-HOCHTENeH KO-
ne0aTeIbHOTO BO30YKICHUSI B CMECH MHOT'O OOJIbIE, YeM KOHLEHTpAlHs padounx
MOJIEKYJI, IT0 YbMM YPOBHSM BO3HHKAET COCTOSHHE UHBEPCHH, TOTIA TP OTIMCAHUH
PeTaKCallMOHHBIX MPOIECCOB KOHIICHTPAIHIO BO30YKIEHHBIX MOJEKYI-HOCUTENEH
B CMECH MOKHO CUMTATh HEN3MEHHOH BO BPEMCHH.

YpaBHEHHS, KOTOPBIE OMMHUCHIBAIOT U3MEHEHHE YHMCIIa MOJIEKYJ pabovero rasa
Ha TpeX KoJiebaTeNbHBIX YPOBHSX, OAHH U3 KOTOPBIX (TPETHH) MOKET OOMEHUBATH-
Cs1 KOJICOATEIBHBIM BO30YKICHHEM C YPOBHEM D MOJICKYJIBI-HOCHTENS (CM. PHCY-
HOK), 3aITAIITYTCS CIEAYIONIIM 00pa3oMm:

dany
dt
dn

2 _ _ _ . —
_d[ =Wy, + Wl = Wyly =W, 1n,, 1 + n, + n; =n.

= Wty + Wy iy — Wy T3 + Wishy — Wiy + W3y,

31eck Wy, — BEPOSITHOCTH BO30YKAEHHsI pabouell MOJIEKYJIbI 13-3a CTOJIKHOBEHHH C
MOJIEKYJIaMUA-HOCUTEIISAMH, HAXOASIINMHUCS B BO3OYKICHHOM COCTOSHHHU; W,, — Be-
pPOATHOCTH OOpaTHOM mepenay Bo30YKIeHHs OT paboyeil MOJIEKYIbl K MOJIEKyIaM-

* MucbMa B XITD. 1966. T. 3, sbin. 11. C. 436-439.
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» N» A co, Wiz, Wi, etc. are the p?obabilities of the thermal
v=l ~— 3 relaxation of the working molecule between the
« “32l %3 corresponding vibrational levels.
2 Assume that the process of adiabatic expan-
31| |13

sion of the gas mixture is fast enough so that the
time interval during which the gas is cooled from
v=0 1 the initial temperature 7) to the final one 7, is
much shorter than the proper vibrational relaxation
time of the carrier-gas molecules. A stationary distribution over the vibrational levels
of the working molecules is established in the gas within a short time interval follow-
ing the end of the gas-mixture expansion.
The inversion between levels 3 and 2 is obtained as usual by equating to zero
the right sides of the equations. Then

n—n,  a(ay —ay) ex [_Eb_Eaj

m G (a+ay, +ay) KT,

021 %12

where a1, 035, and a3, are the probabilities of relaxation after one collision. It is as-
sumed that the final temperature of the gas mixture 7, is such that thermal excita-
tion of the molecule (i.e., the probabilities wy3, w»3, and wy,) can be neglected, but
the deactivating collisions cannot be neglected and k7,>>|AE|. We see from the

formula that no inversion between the levels 3 and 2 is obtained if a3, > ay;. If the
condition a,, >a;, is satisfied and the probability a of transfering vibrational exci-

tation is much larger than the probability of deactivation of level 3 for the working
molecule, then the inversion reaches its maximum and is equal to the relative con-
centration of the excited molecules of the carrier gas at an initial temperature 75.

Let us show, with the mixture of nitrogen and carbon dioxide as an example,
that by adiabatic expansion it is possible to obtain a population inversion between
the levels (00°1) and (10°0) of the CO, molecule, and let us determine its magnitude
for 77 = 1000 K and 7> = 300 K. If the final temperature of the gas mixture is of the
order of room temperature, then o, > a3, since this is the optical transition of the CO,
molecule at which a N,—CO, gas laser operates when excited with an electric dis-
charge [5]. The probability of deactivation of the CO, molecule after one collision is
~107 for the dry gas [6], and therefore (113 — n2)/n; ~ 1 % and the maximum is 3.5 %.

It must be noted in conclusion that a continuous mode of adiabatic expansion
of a gas mixture can be realized by passing the gas through a supersonic nozzle.

The authors thank L.A. Kulevskii and V.M. Marchenko for discussions.
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HOCHTEIAM; W31, Wi3, W3z M T.J. — BCPOSTHOCTH b N 2. co,
TEIUIOBO penakcanuy padbodeil MOJIeKysIbl MEXIy — v=I ~_ 3
COOTBETCTBYIOIIMH KOJIe0aTeNbHBIMU YPOBHAML. a azzl @23
ITycTs mpouecc aauabaTHUECKOro paciuu- — 2
pEeHUsl ra3oBOM CMECH IPOUCXOIUT HACTOJIBKO 31 [*13
OBICTPO, YTO MHTEPBAJ BPEMEHH, 32 KOTOPHIH Ta3 ax| |
OXJIQXKJAeTCsl OT Ha4aIbHOU Temmepatypsl Iy 1o | _ 4 1

KOHEUYHOU T3, CYyILIECTBEHHO MEHBLIE, YEM BpeMs
COOCTBEHHOH Koyie0aTenpbHON peNakcaliii MOJIEKYJ Trasza-HocuTens. Yepe3 He-
00JIBIION MPOMEXYTOK BPEMEHH IOCIIE OKOHYAHHs PacIIMpPEHHs I'a30BOH cMecU B
ra3e yCTaHOBHUTCS CTAallMOHAPHOE pacIpelesieHre 10 KojiebaTeNbHbIM YPOBHAM pa-
004nX MOJIEKYI.

Bennunny MHBEpCHU MEXKAY YPOBHSIMH 3 M 2 HAXOJUM OOBIYHBIM CIIOCOOOM,
MIpUpaBHUBAs HyJIIO MPaBble YaCTH YpaBHEHMH, TOT1a

n—n,  a(ay —ay) _E,-E,

= exp
n ay(a+ay, +a3) kT,

b

TJI€ 01, 032, 0131 — BEPOATHOCTH PENAKCAIMK 3a OHO coyxapenue. [Ipenmonaraercs,
9TO KOHEUHas TeMmIeparypa 7> Ta30BOil CMeCH Takasl, 9YTO TEIUIOBBIM BO30Y KICHHEM
MOJICKYJIBI, T.€. BEPOSTHOCTSIMH Wi3, W3, Wi MOXHO HpeHeOpeub, HO J1e3aKTHBH-
PYIOLMMH COYyIapeHHsAMH IIpeHeOperaTh Hemb3s, U kT, >>|AE|. U3 dopmyiisl BuiHO,

YTO MHBEPCHIO MEXIy YPOBHSIMH 3 U 2 MOJIyYUTh HEBO3MOXKHO, €CIIU 037 > 0. Ecnn
BBIIIOJIHSAETCS. 00PAaTHOE HEPABEHCTBO «r,,>>(l;,, U BEPOATHOCTD a liepeaadu Koseba-

TEJILHOTO BO30Y>KACHHUS MHOTO OOJIbIIE, YeM BEPOSTHOCTH JI€3aKTHUBALMU YPOBHA 3
pabodeii MOJIEKyJIbl, TO HHBEPCHSI TOCTUraeT HanOOJBILEro 3HaYeHUs U paBHA OTHO-
CHUTEJIbHOM KOHLIEHTpAK BO30YKICHHBIX MOJIEKYJ ra3a-HOCUTENS MPpU HayaJbHOU
Temueparype 75.

[Nokakem Ha TprMepe ra30BOM CMECH U3 a30Ta U YIJIEKUCIIOrO ras3a, 4To MeTo-
JIOM aabaTHYeCKOTO PacIMpeHUs] MOXKHO TOTYyYHTh HHBEPCHYIO HACEIEHHOCTh Me-
1y yposasamu (00°1) u (10°0) mMonexynsr CO,, u onpenennm ee BequunHy st T) =
=1000 K u 7> = 300 K. Ilpn xoHEUHOW TeMIiepaType Ta30BOil cMecH TOPSAKa KOM-
HATHBIX UMEEM 01 > (i3, TAK KaK HA dTOM ONTHUYECKOM Tiepexoae Monekyisl CO, pa-
6oTaet ra3zoBblii azep Ha cMecH N; 1 CO, pHu BO30YKIEHUH DIIEKTPUIECKAM pazpsi-
oM [5]. BeposTHOCTH e3akTHBaLmy Monekyis CO, 3a oHO coymaperue ~10 > ms
cyxoro raza [6], mostomy (n;— ny)/n; ~ 1 %, MakcuManbHOE 3HaUeHue paBHO 3.5 %.

B 3akimroueHue cienyer OTMETHTh, YTO HENPEPBIBHBIA PEXUM aauadaThye-
CKOTO pacCIIMpPEHHs Ta30BOH CMECH MOXKHO OCYIECTBUTH, MPOITyCcKas ra3 uepes
CBEPX3BYKOBOE COILIO.

ABTOpBI BeIpaxaroT npusHatenbHocTh JI.A. KyneBckomy u B.M. Mapuenko
3a JUCKYCCHUHU.
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The effect of the vibrational structure of the working levels on the generation
properties were considered in [1-4]. A detailed calculation, carried out in [4,5],
proved the feasibility of generation within the framework of two electron-vibra-
tional levels which are characteristic of a large number of dyes and other complex
molecules'. It was proposed in [7] to pump such compounds with a ruby laser oper-
ating in the giant-pulse mode. The same reference reports a study of the optical
characteristics of phthalocyanines of different metals, which made it possible to
determine the concrete experimental conditions needed to obtain their generation
regions.

K(2), W(2) K(4), W(4)
1.6 a 1.6}
0.8} 0.8
0 L 0
1.6 c 1.6 ~ d
\
\
\
\
0.8 0.8 \
A Ae \\, /
1 L L | — |
6000 7000 8000 4, A 6000 7000 8000 A, A

Fig. 1. Absorption (/) and luminescence (2) spectra: (a) Mg phthalocyanine in quinoline,
(b) phthalocyanine in sulfuric acid, (¢) cryptocyanine in methyl alcohol, and (d) methylene
blue in sulfuric acid: measured (solid line), assumed (dashed line) (owing to the extremely
low quantum yield of the luminescence of free phthalocyanine and methylene blue, their
spectra could not be registered even when excited with a ruby laser). Wavelengths: ruby la-
ser A, and generation of solutions A,

# JETP Lett. 1967. Vol. 5. PP. 117-119.
! The possibility of obtaining gain in the systems was demonstrated by A.P. Ivanov [6].
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OonTnyeckasn reHepauuvsa B pactBopaX C/10>KHbIX MOﬂeKYJ'I#

b.N. CrenaHoB, A.H. Py6unHoB, B.A. MOCTOBHMKOB

NHcTuTyT dunsukm Akagemum Hayk benopycckoi CCP
Moctynuno B pegakumio 15 nekabps 1966 r.

Brusiaue xonebarenpHON CTPYKTYpHI pabounx ypoBHEH Ha CBOHCTBA TeHepa-
LMK PacCMOTpeHo B pabotax [1-4]. B [4, 5] npoBeneH moapoOHBIN pacyer, ToKa-
3BIBAIOLINI BO3MOXKHOCTh TOJIyYEHHUsl TE€HEpall B paMKax IBYX 3JIEKTPOHHO-
KoJe0aTeNbHBIX YPOBHEW, XapaKTepHBIX IS IMHPOKOTO Kiacca KpacuTened u
JPYTHX CIOXKHBIX Moneky.1'. [l HaKauKu TaKHX COeAMHEHHi B pabote [7] mpemia-
rajoch UCIOJIb30BaTh U3IyUYeHUE pyOMHOBOTO Jla3zepa, paboTaloLIero B pEKUME TH-
TaHTCKUX UMIYJIHCOB. B 3TON paboTe MpoBeneHO M3y4YeHHE ONTHYECKHX XapakTe-
pUCTUK (TaJONMAHWMHOB PA3TMYHBIX METAIOB, YTO MTO3BOJMIIO ONPEAEIUTh KOH-

K(2), W(2) K(4), W(A)
L,6F a 1,6
0,8+ 0,8+
0 L 0
1,6 B 6 1,6 B ~ 2
\
\
\
\
0,81 0,81 \\
A Ag \\ Y
1 ‘| L ol 1 |
6000 7000 8000 A4, A 6000 7000 8000 A, A

Puc. 1. Coektpsl norsoinenus (/) u nmomunecueniyn (2): ¢rajgonupaniia Mg B XUHOJIU-
He (a); QranounaHnHa B CepHOIl KUCIOTE (6); KPUNTOLMAHUHA B METHJIOBOM CIHUPTE (6);
METHJICHOBOTO TOJY0Or0o B CEpHOI KHCIOTE (2): U3MEpPEHHBIC (CIUTOIIHAS JIMHUS), TIPEIIIO-
naraeMble (IITPUXOBAasl JIMHUS) (M3-32 YPE3BBIYAHHO HU3KOTO KBAaHTOBOI'O BBIXOJA JFOMH-
HECLEHIMH CBOOOMHOTO ()TaJOIMaHMHA W METHIEHOBOTO royOOro 3aperucTpupoBaTh MX
CHEKTPHI IKCIIEPUMEHTAIIBHO HE YIaJoCh AaXKe NMPH BO30YKICHUHM PyOHMHOBBIM JIa3€POM).
JnnHbl BONTH: pyOuHOBOrO nasepa (4,), reHepanun pacTsopos (4y)

* Mucbma B XKITD. 1967. T. 5. C. 144-148.
! BO3MOXHOCTb MOMYYEHUS YCUNEHUSI B CUCTEMaxX BrepBble o6ocHoBaHa B pabote A.M. UBsa-
HoBa [6].
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Fig. 2. Apparatus used to observe genera-
tion: ruby laser (r), cell with solution (c),
mirrors (m), photographic plate (ph), spec-

In this communication we de-
scribe optical generation observed ex-
perimentally at room temperature in so-
lutions of four compounds: magnesium
phthalocyanine in quinoline, free phtha-
locyanine in sulfuric acid, cryptocya-
nine in methyl alcohol, and the dye me-
thylene blue in sulfuric acid. Figure |
shows the absorption and luminescence
spectra of these compounds and deline-
ates the generation regions.

The generation conditions con-
sisted in the following. A solution of ac-
tive substance was placed in a rectangu-

trograph (ISP-51) (sp) lar cell 6 mm thick with plane-parallel
precision-finished walls. In accordance
with the calculation in [7], the concentration of the substances was taken in all cases
to be approximately 5x10'°~10"7 ¢cm™. The cell was placed between plane-parallel
dielectric mirrors having reflection coefficients from 50 to 99% in the region
2=7600 A. In some experiments, the reflecting coatings were deposited on the
outer faces of the cell. The excitation was with the aid of a ruby laser in a direction
perpendicular to the direction in which the generation of the solution was observed
(Fig. 2). The ruby laser operated in the single-pulse mode, producing in each flash
one pulse of 3040 nsec duration, with energy 1.5J. A part of the pulse energy,
equal to 0.5J, with a relatively uniform energy distribution over the section, was
separated to excite the solution. Under these conditions, generation was observed in
all the tested compounds. The generated emission had a divergence of 5x10* rad.
The wavelengths and the spectral widths of the generated lines are listed in the table
for each of the substances.

The generation spectrum of cryptocyanine revealed at large mirror reflection
coefficients the simultaneous presence of two lines, the one with the longer wave-
length (4 = 8085 A) being much more intense than that with the shorter wavelength
(A=17555 A). When the reflection coefficient of the mirrors was decreased, the in-
tensity ratio changed in favor of the short-wave line, the long-wave line disappeared
completely at coefficients R; =99 % and R, = 50 %. A shift of the short-wave gen-
eration line towards the luminescence maximum, by 49 A, was observed simultane-
ously. This change in frequency is in good agreement with the theoretical notions
[4,5,7]. The emission generated by the solution of free phthalocyanine should
include, in accordance with the calculation, a second generation line with A=
= 9400 A. No such line was registered because we did not have the required photo-
graphic material at our disposal.

The ratio of the energy generated by the solution to the energy of the exciting
flux was 10% for cryptocyanine and methylene blue. Actually, the coefficient of
conversion of the exciting energy of the ruby laser into energy generated by the so-
lution is much higher since the ruby emission was not effectively absorbed by the
solution under our experimental conditions.
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KpETHBIE DKCIIEPUMEHTAIBHBIC YCIIOBHUSA, ¢m
HEOOXOIUMBIE IUTS MOJMYUYECHHUS UX TeHepa- _!_

nud. B 1aHHOM COOOIIEHNY OMUCHIBACTCS R

3G GeKT ONTUYECKON TreHepaluu, HaOJro- =
JABIIUICS 3KCIIEPUMEHTAIEHO TIPU KOM- p 3 i N
HaTHOM TeMmIlepaType Ha pacTBOpax YeThl-  [7 ——

pex COCILI/IHGHI/II‘/'I;IZ)TaHOHI/IaHI/IHC MarHus B DI:I 0.6em (LK }2 o

XWHOJIIMHE, CBOOOMHOM (hTaJOIMaHUHE B 120 cm 3

CepHON KHCIIOTe, KPUTOLIMAHWHE B METH-
JIOBOM CITUPTE M KPACHUTENIC METHIICHOBOM
roixyoom B cepHoiM kuciore. Ha puc. 1
MPEACTABJICHEl CICKTPHI TIOTJIOMICHUS M Puc. 2. Cxema HaOmroneHWs] TeHEpALWU:
JIFOMHUHECIICHIIMKA STHUX COEIMHEHUM U OT-  PYOHWHOBBIH jJaszep (p); KIOBETa C PacTBO-
MeueHbl 00J1aCTH TeHEePaliu. pom (K); 3epkana (3); pororiactunka (¢r);

Yenosus s monydenus remepa- — Cnekrporpad MCII-S1 (cm)

MU COCTOSIIM B clexytomieMm. PactBop

AKTHBHOTO BEIIECTBA ITOMEIIAJICS B MPSIMOYTOIHHYIO KIOBETY TOJIIMHONW 6 MM C
IJIOCKOTApAIICIEHBIMA TOYHO 00paOOTaHHBIME CTEHKaMH. B cOOTBETCTBUM C pac-
4eToM [7] KOHIIEHTpamus BeUIeCTB BO BCEX CIydasx Opajach OKOIIO 5%x10"-
10" cM. KroBeTa momemanach MeXIy IUIOCKONAPAIICTbHBIMU THANCKTPHUCCKH-
MU 3epKajaMH, HMEBIIUMH Ko3(DPUIIHEHTHl oTpaxkeHHs B obnactu A= 7600 A ot
50 10 99 %. B HEKOTOPHIX OMBITaX OTpa’KaIOLINe MOKPHITHS HAaHOCWIUCH Ha Ha-
PYKHBIC TpaHH KIOBETHl. B030yXkIeHUE MPOWU3BOAMIOCH C MOMOIIBI PYOHMHOBOTO
Ja3epa B HaIpaBlICHUH, MEPIICHINKYJISIPHOM HAMpaBICHUIO HAOIIOJCHHs TeHepa-
uuu pactBopa (puc. 2). PyOuHOBBEIH azep paboTan B MOHOWMITYJIBCHOM DPEXHME,
JlaBas 3a BCIIBIIIKY OJIUH UMITYJIbC IIUTeNbHOCTRI0 30—40 Heek ¢ sHeprueit 1,5 JIxk.
st BO30yXKIeHHsT pacTBOpa BBIIEISUIACH YacTh SHEPIUU MMITyJIbca, paBHas 0,5 Jx,
CO CPaBHHTEIHFHO PABHOMEPHEIM paclpeeICHHEeM YHEPTHH 10 ceueHuto. [Ipn atux
YCIIOBHUSIX HAOJI0JIA)Iach TCHEpallus Ha BCEX MEPEUMCIICHHBIX BBIIIE COCIUHCHHUSX.
['eHepupyeMoe H3TydeHHe 00Iaaano pacxoauMocTio 5x107* pax. JUTuHbI BOTH 1
CHEKTpaJbHBIE MPUHBI TEHEPUPYEMBIX JIMHUH U KaXKO0TO M3 BEUIECTB IpUBEIe-
HEBI B Ta0IHUILE.

B crnektpe reHepanuu KpUNTOIMAHWHA TPU OONBIINX KO3(PQUIIMEHTaX OT-
pakeHHUs 3epKall HaOIF0IaJ0Ch OJHOBPEMEHHO JBE JIMHUH, IPUYEeM JUIMHHOBOJIHO-
Bast uHus (A= 8085 A) Gblia 3HAUMTENHLHO MHTEHCHBHEE KOPOTKOBOJIHOBOMH (A=
=7555 A). Ilpu yMeHbIIEHUH OTpasKeHHs 3€pKall COOTHOLIEHHE MHTEHCHBHOCTEH
MEHSUIOCH B TIOJIb3y KOPOTKOBOJHOBOM JIMHUW M3JyYEHHUS W MPH KOIPPUIIMESHTAX
R1=99% u R, = 50 % MIMHHOBOJHOBAS JUHHUS HcUE3aJila COBCEM.

OnHOBpEeMEHHO HaOIIOaNoCh CMENICHNE KOPOTKOBOJIHOBOM JIMHUU TEeHEpa-
LUK B CTOPOHY MAaKCUMyMa ToMHHecleHIuu Ha 49 A. Takoe u3MeHeHHe YacTOThI
XOPOIIIO COTIACyeTCs ¢ TCOPETHUSCKUMU TpeicTaBneHusiMe [4, 5, 7]. B u3myuenun,
TeHEPUPYEMOM PaCTBOPOM CBOOOIHOTO (hTAJIONMAHWHA, COTJIACHO pacdyeTaM, JODKHA
Ha6JI0aThes BTOpas MMHUA reHeparuu ¢ A= 9400 A. Takas nmuuHus He Gblia 3ape-
TUCTPUpPOBAHA W3-32 OTCYTCTBHS B HaIlleM PAcCTOPSKEHHH HEOOXOAMMEIX (OTO-
MaTepHaoB.

CII
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Table
Substance Luminescence | Luminescence Generation Generation
quantum spectrum wavelength, |spectrum width,
yield, % width, A
Magnesium 80 1250 7590 10
phthalocyanine
in quinoline
Phthalocyanine <0.001 1100 8634 10
in sulfuric acid 7555
Cryptocyanine ~0.2 1200 8085 40
in methyl alcohol
Methylene blue <0.001 1100 8350 40

in sulfuric acid

The effect described here offers experimental proof of the feasibility of ob-
taining generation with the aid of various complex organic compounds possessing
broad absorption and emission bands. It turns out here that substances with exceed-
ingly low luminescence quantum yields can be used for generation. At the same
time, the experimental data show that complex molecules can be used for effective
conversion of ruby-laser emission into coherent emission at long wavelengths. By
varying the solvent, the concentration of the active medium, and the mirror reflec-
tion coefficients, the compounds used in this investigation can provide a large
number of generation lines in the interval from 7000 to 10 000 A
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Tadauua
BemectBo KBanToBbIi upuna JliuHa BOJIHBI CriexTpanpHast
BBIXO/ CIEKTpa reHeparui, LHIMpUHA
JIIOMUHECIICHIINH, | JTIOMHUHECIICHITUH, reHeparyy,
% A
DranonraHuH 80 1250 7590 10
MarHus
B XUHOJIMHE
DranonnaHuH <0.001 1100 8634 10
B CEpHOM KHUCIIOTE 7555
Kpunrounanux ~0.2 1200 8085 40
B METHJIOBOM
crupTe
MerunenoBsli <0.001 1100 8350 40
royooi

B cepHoi/i KHUCJIOTC

OTHoOLICHNE YHEPTUH, TEHEPUPYEMOH pacTBOPOM, K SHEPIHU BO30YyKIaroLIe-
ro MOTOKa COCTAaBILIIO IS KPUITOLMAHMHA W MeTmieHoBoro romyooro 10 %. B
JNEeWCTBUTENBHOCTH KO3((GUIMEHT mpeodpa3zoBaHusl Bo30yKAalolleld SHEPTUU py-
OMHOBOTO Ja3epa B HEPIHI0, TEHEPUPYEMYIO PACTBOPOM, 3HAYUTENILHO BBIIIE, TaK
KaK B JJAHHBIX YCJOBHUSX OTBITA MOTJIOMICHHE pyOMHOBOIO M3IyUYEHHUS! PacTBOPOM
0b110 Hed(h(PEKTUBHBIM.

OnwucanHbIif 37ech 3P PEKT ABISIETCS IKCIIEPUMEHTAIBHBIM J0Ka3aTeIbCTBOM
MEPCHEKTUBHOCTH MOMYYSHUS TeHEepallui C MOMOIIBIO Pa3lIUYHbIX CIOXHBIX Opra-
HUYECKUX COCIMHEHHUH, 00JIaNaloNIMX IUPOKIUMH [I0JIOCAMH ITOTJIOICHUS U UCITyC-
kanus. [Ipu 3TOM OKaspiBaeTCs, YTO Uil T€HEpalMd MOTYT OBITh MCIOJIb30BaHBI
BEIIECTBA C YPE3BBIUYANHO HU3KUM KBAaHTOBBIM BBIXOJIOM JIIOMHHECIEHIINH. Bmecte
C TeM MOJyYeHHbIC DKCIIEPUMEHTANBHBIC JaHHBIC TIOKA3bIBAIOT, YTO CIOXKHBIE MO-
JIEKYJIBl MOTYT HMCIIOJIB30BAaThCS il 3 (GEKTHBHOTO MPEoOpa30BaHUs U3ITyUCHHS
PYOHMHOBOTrO Ja3epa B KOI€PEHTHOE W3IydeHue OONIbIIMX AJMUH BOJH. [Ipu u3mene-
HUM PacTBOPUTENS KOHIECHTPAIlMA aKTUBHOTO BelIecTBa M KO()(HUIMEHTOB OTpa-
KEHUS 3epKaJl UCTIOJIb30BaHHBIC B TAHHOH paboTe COeUHEHHsI CMOTYT 00eCIeYnTh
GOm0l HAGOP THHMI reHepanuyu B uHTepBase oT 7000 10 10000 A.
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Self-stabilization of laser optic-oscillation frequency
by nonlinear absorption in gas’

V.S. Letokhov

P.N. Lebedev Physics Institute, USSR Academy of Sciences
Submitted June 16, 1967

1. It is known that production of a quantum generator with high frequency
stability (frequency standard) calls for a narrow resonance of the active-medium
gain with a stable position of the resonance maximum, and a broad loss resonance
in the resonator. This is the underlying principle of the frequency standards for the
radio [1, 2] and optical [3] bands. We propose in this letter a fundamentally differ-
ent method of laser-frequency stabilization, based on producing in the laser stand-
ing-wave field a resonant “dip” in the absorption line of gas placed in the resonator,
the gain resonance of the active medium being broad and less stable. The proposed
method is of interest for the realization of an optical frequency standard.

2. Let gas at low pressure be situated in the field of a standing light wave
Ee'” cos(kz) whose frequency coincides with the line of resonant absorption of the
gas at the frequency w,. In a “weak” light field, which does not cause saturation of
the gas absorption, the absorption line retains a Doppler shape. In a “strong” light
field, saturation occurs in the absorption of the atoms that interact most effectively
with the standing-wave field. As a result, the absorption line shape changes appre-
ciable, and if the Doppler line width greatly exceeds the homogeneous width,
“holes” are produced at the frequency @ and its reflection 2@, — o relative to ;.
The absorption coefficient of the standing light wave acquires a dip at the frequency
w, owing to the equality of the mirror-symmetry holes at @ = @,. This phenomenon
was investigated in detail by Lamb [4] for the case of an amplifying gas medium,
and is called the Lamb dip.

If the gas pressure is low and the radiative transition probability 42, of the

absorbing atoms is small, then the dip in the absorption line can be quite narrow. Its
width Aw, is determined by the time of flight of the atoms through the beam,
ro = d/vy (d is the beam diameter, v, is the average velocity of the atoms) and by the
line broadening A, due to the collisions:

1
Aa)b =—+Aa)c0|, (1)
o
provided Aé’l < 1/5. For example, at a gas pressure of 10 Torr, when usually

Aoy = 10*-10° Hz, the width of the dip for a beam of diameter d =1 cm (vy = 10°—
10° cm/sec) is Aw, =2x10*-2x10° Hz.

# JETP Lett. 1967. Vol. 6. PP. 101-103.
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ABTOCTabMnnsayma 4acrtoTbl CBETOBbIX kKoniebaHMn nasepa
HeJIMHEelHbIM noraoleHuemM B rase’

B.C. JletoxoB

dusnyecknin MHCTUTYT uM. IN.H. Jlebepesa Akagemmm Hayk CCCP
MocTtynuno B pegakuuto 16 nioHs 1967 r.

1. M3BecTHO, YTO sl CO3aHUS KBAHTOBOI'O I'€HEpATOpa C BBICOKOW CTa-
OMIIFHOCTBIO YaCTOThI KOJIeOaHM (CTaHgapTa YaCTOThI) HEOOXOIUMO UMETh y3KUH
pE30HAHC YCHJICHUs aKTUBHOM CpeAbl CO CTaOMIBHBIM TOJOKEHHEM MaKCHMyMa
pEe30HaHCa M LIMPOKUI PE30HAHC MOTEPHh B pE30HATOpE. DTOT NPUHIUN JIEKUT B
OCHOBE CTaHAApPTOB 4YacTOTHI paauo [1, 2] u ontudeckoro [3] nuana3zoHoB. B Ha-
CTOSIILIEM MHCHbME Mpeanaraercs MPUHIUIMHAAILHO IPYroil MeToJ] CTaOHIu3aluu
4acTOTHI J1a3epa, KOTOPBIM OCHOBaH Ha BOZHUKHOBEHHMH B I10JIE CTOSTYEH BOJIHBI Jia-
3epa y3KOTro pe30HAHCHOT'O «IPOBajia» B JIMHUM MOTJIOMIEHHS ra3a, IOMELICHHOTO B
pe30HATOp, NPU IMUPOKOM M MeHee CTaOWIILHOM pPE30HaHCE YCHIICHUS aKTHBHOM
cpensl. [IpeanoskeHHBINH METO/ NMPENCTABIAET UHTEPEC AJS CO3JaHUs ONTUYECKOrO
CTaHAAPTa YaCTOTHI.

2. IlycTh ra3 HU3KOTO JaBJIEHUS] HAXOAWUTCS B MOJIE CTOSYEH CBETOBOW BOJIHBI
Eé'” cos(kz), gacToTa KOTOPOrO COBNAJAET C JIMHHEH PEe30HAHCHOTO MOTJIOMIECHHS
rasa Ha 4acTtoTe @,. B «ciabom» CBETOBOM I0JI€, HE BHI3BIBAIOIEM HACBIIEHUS 110-
TJIOLICHUs Ta3a, popMa JIMHUU TOTJIONICHHS SBISETCS AONIIIEPOBCKO. B «cuiib-
HOM» CBETOBOM II0JIE MPOUCXOJUT HACHIIICHUE IOTJIOIIEHHS aToMOB, Haubolee
3¢ $EeKTUBHO B3aMMOJECHCTBYIOLIHX C MOJIEM CTOSUYEH BOJIHBL

B pesynbrate, opmMa TMHUHU MOTJIOMIEHHUS CYyILIECTBEHHO U3MEHSAETCS U, €CIIH
JOMIUICPOBCKas MIMPHHA JIMHUHM 3HAYUTENBHO OOJIbIIe OJHOPOAHOW IIMPHUHBI, Ha
4acTOTe @ M 3€PKAIBLHOM €if OTHOCUTENBHO (), YACTOTE 2 (1) — (@ BEIKUTAIOTCSI «JIBIP-
km». KoaumuenT nornomieHus crosiueil CBETOBOH BOJHBI IPHOOPETAET «IIPOBAI
Ha YacTOTE @), M3-3a COBMAJCHUS 3EPKATbHO-CUMMETPUYHBIX ABIPOK MPU @ = M.
310 siBeHne ObUIO MOAPOOHO M3ydeHo JIsmOoMm [4] mist cityyast ycunuBaromei ra-
30BOH Cpezibl U HOCUT Ha3BaHKE JIIMOOBCKOTO IIPOBaIa.

Ecnu ra3z nmeer HU3KOE JaBlIEHUE, & BEPOSTHOCTh PAIUAIIIOHHOTO Iepexoa

orjiomarmux aroMoB Aéjl MaJia, IpOBaJl B JIMHUU ITOTJTIOUMICHUA MOXET OBITH BECH-

Ma y30kK. [Ilupuna ero A, onpeznensercs BpeMEHEM MpOJIeTa aTOMOB 4epe3 JIyd
ro = d/vy (d — mmameTp ny4a, vy — CpPeIHSS CKOPOCTh aTOMOB) M yIIUPEHUEM JIH-
HUM 3a CUYET CTOJIKHOBEHUM A @,

1
Aw, =—+ Ao, (D
To

*Mucbma B XITD. 1967. T. 6. C. 597-600.
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Mirror Absorbing gas B
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3. Let us place in the laser cavity a cell with absorbing gas, whose absorption
line at the frequency @, coincides with the gain line of the active medium at the fre-
quency @, (see the figure). At a sufficient excess of pump energy over threshold,
when a dip is produced in the absorption line, the generation frequency  is auto-
matically stabilized in the region of the loss minimum at the dip frequency ;. The
transition to the self-stabilization mode is effected if the generation frequency w is
maintained within the limits of the dip (jo— @y S Aw,). If the laser active medium
has a Doppler inhomogeneous broadening line width Awp,, and a homogeneous
width Aw, < Awn,p, then the self-stabilization conditions take the form

1 Aw, 1 a Ao, _a’ Aw,

S = ) S = — , [ fu—
1 p, ke ? Py k Aoy, P Aw,

<1, 2)

where ¢ is the speed of light, p, = aE* and p, = bE” are the gain and absorption satu-
ration parameters respectively, and ¢ and k are the gain and absorption coefficient
per unit length, respectively. The generation frequency @ in the self-stabilization
mode are determined by the expression

0=0,+5(Q-w,)+(S, -5 )@, —w,), 3)

where Q is the resonator frequency. In the case of an active medium with homoge-
neous gain line, the expression (3) remains in force if the Doppler width is replaced
in S, by the homogeneous one A, and we put S; = 0. Expression (3) was derived
under the assumption that at p,, p, < 1, but self-stabilization effects exist also at
higher values of the saturation parameters'. From (2) and (3) it follows that the sta-
bilizing action of the absorbing gas is due to the occurrence of a narrow dip of
width A, < A, ke, Aap,p, as a result of which we get S, S,, S5 < 1.

4. To realize the proposed laser it is necessary to choose atoms or molecules
having an absorption line at the emission frequency of a cw laser. We point to
the two following possible pairs: 1) the 3.3913-um line of the He—Ne laser coincides
with the 2947.906 cm™ absorption line of CH,, within 0.003 cm ™', at an absorption
coefficient k= 0.17 cm '/Torr and Aaw = 5 MHz/Torr [5]; 2) the 3.5070-pum line of
the He—Xe laser coincides with the 2850.608 ¢cm! absorption line of the H,CO
molecule, accurate to 0.007 cm™', with k=0.1 cm /Torr [6]. At a gas pressure
107 Torr it is possible to obtain a deep dip with width Aw,=5x10* Hz by using a
field of intensity 10 W/cm®.

! The results for the case of strong saturation, as well as the stability conditions, will be
treated in a detailed paper.
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3epkaio Iornomatomas cpena B
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eciu A§1 < 1/7. Hanpumep, npu naBnenun rasza 10> Topp, Koraa oObMHO Ay, =
=10"-10° I'n, s 1yua quamerpoM d = 1 em (vy = 10°—10° cm/cex) mmpuHa mpoBa-
na Awy, =2-10*-2-10° ',

3. [Iycth B pe3oHATOpE Jiazepa HAXOJHUTCS KIOBETA C TOTJIOMIAIONINM Ta30M,
JIMHUS TIOTJIOIIEHHUS KOTOPOTO HA YacTOTE (), COBMAJAeT C JIMHUEH YCHIICHHS aK-
TUBHOH Cpe/bl Ha 4acToTe @), (pUCYHOK). [Ipn JO0CTaTOYHOM NPEBBIICHNH HAKAYKH
HaJ IOPOroM, Koraa odpasyeTcs MpoBail B IMHUM MOTJIOLICHHUS], YaCTOTa TeHepaluu
@ aBTOMATUYECKU CTAOHIM3UPYETCs B 00JaCTH MUHUMYMa MOTEPh HA YacTOTE MPo-
Bana @,. [lepexo/ B pexXUM aBTOCTAOMIIU3AIMU JJOCTHTAETCs, €CIIM YacToTa TeHepa-

MU @ TTOIEPKUBAETCA B Ipenenax npoBana (|o— ws| S Awy). Ecnu akTuBHAS cpe-
Jla J1azepa MMeEET JONIUIEPOBCKYI0 HEOJAHOPOAHYIO JHMHHUIO YITUPEHUS C IIUPUHON
A @y ¥ OTHOPOIHON MHUPHHON A @, < A@jon, TO YCIOBHS aBTOCTAOMIM3AINH UMe-
IOT CIEAYIOIUN BU;

1 Ao, 1 a A, _a’ Ao,

p, ke ’ z_p_b;Aa)ﬂoﬂ’ 3_k_bAa)a

S, = <1, )
1€ ¢ — CKOPOCTBH CBETA; p, = aEz, Dy = bE* — HapaMeTpbl HACHILICHUS YCUIICHUSA U
MOTJIONIEHUSI COOTBETCTBEHHO; &, kK — KOA(OHUIIMEHTHI YCHICHHS U TIOTJIONICHUS Ha
SIVHUITY JUTMHBI COOTBETCTBEHHO. YacToTa TeHepaIuu @ B PEKUME aBTOCTAOWIIN-
3alnun OHpCZ[CJIHCTCH BI)Ipa)KeHI/IeM

w=0,+S(Q-w,)+(S,-S)(o,-a,), )

rae () — yactora pe3oHaropa. B ciiyyae akTUBHOU cpenpl ¢ OAHOPOIHOMN JTMHUEH
ycwiIeHus BbIpakeHne (3) ocTaeTcsi CIpaBelIMBBIM, €CIIM B S; 3aMEHUTH JOTILIe-
POBCKYIO IIMPUHY Ha OAHOPOAHYIO A, 1 MonoxkuTh S; = 0. Beipaxenue (3) nomy-
YEHO B MPEATIONOKEHUH P, Pp < 1, HO 3D (DeKTh aBTOCTAOMIN3AINHT CYIIECTBYIOT U
1pu GONBIIMX 3HAYCHHUAX MApaMeTpoB Hackimenus . M3 (2) u (3) ciemyer, uTo cTa-
Ounm3upyroliee ACHCTBHE IOTJIOIIAOIIET0 Tra3a OOBACHIETCS BO3HUKHOBEHHEM
Y3KOT0 MpoBajia ¢ WHPHHON Aw, < Aw,, k¢, Adpoy, 32 CHET KOTOPOTO MapaMeTphl
Sl, Sz, S3 < 1.

4. JIna ocymiecTBieHHs TMPEJIOKEHHOTO Jiazepa HEOOXOIUMO MOA00paTh
aTOMBI WJIM MOJIEKYJIbl, 0OJIaJarolue JHHNEH OTJIOMEHUs Ha YacToTe U3JIyUeHUs
Jazepa HEMpEephIBHOTO ACHCTBHA. YKaKeM Ha CIEIyoIIfe JBEe BO3MOKHBIE Ma-
pel: 1) muams 3,3913 mxkm He—Ne-mazepa coBmamaeT ¢ JIMHHEH ITOTIIOIICHUS
2947,906 cm ' momexyast CHy ¢ TourocTsio 0,003 cM ' mpu kosddurmenTe morno-

! PesynbTaThbl ANA Cy4Yas CUMbHOMO HACBIWEHWUS U YCIOBUS YCTOMYMBOCTM 6YayT U3M0XKEHbI
B nogpobHon nybnmkauummn.
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In a number of cases the absorbing molecules can be those of the active me-
dium in the absence of excitation, for in this case the condition that the gain and ab-
sorption frequencies coincide is automatically satisfied.

The foregoing examples of absorbing molecules are far from optimal for in

their case A%,=1sec'. The most suitable atoms or molecules have A% =10°-

10° sec™'. At these values of A2, it is possible to use very low absorbing-gas pres-

sures (~107* Torr) which guarantees high stability of the position @, of the absorp-
tion line. At such low pressures, the mean free path amounts to several tens of cen-
timeters, and consequently, by passing the beam many times through the absorbing
gas and maintaining strict parallelism of the beam it is possible to obtain having the
molecules cross several rays in succession, a narrow dip of width A, = 10° Hz. In

addition, with 4%,=10°-10° sec”', an appreciable decrease takes place in the power

needed for the production of the dip.
5. Perfectly realistic values are a width Aw, = 10° Hz for the absorption dip
and an accuracy 10 for the stabilization of the resonator frequency Q and of the

gain line frequency @,. With p, =0.1-0.3 and Aew,, kc = 10° Hz we can expect in
this case a stability of the generation frequency w relative to @, on the order of
10", The absolute stability of the generation frequency will therefore be deter-
mined by the stability of the absorption-line frequency @,. At low gas pressures
(10°-10"* Torr) the stability of the center of the absorption line will be determined
by the interaction of the molecules with the cell walls, and can apparently be no
worse than 107",

The author is deeply grateful to N.G. Basov for a discussion and support of
this work.

References

1. N.G. Basov and A.M. Prokhorov. Zh. Eksp. Teor. Fiz. 1954. Vol. 27. P. 431 [Sov. Phys.-
JETP]; J.P. Gordon, H.J. Zeiger, and C.H. Townes. Phys. Rev. 1954. Vol. 95. P. 282.

2. HM. Goldenberg, D. Kleppner, and N.F. Ramsey. Phys. Rev. Lett. 1960. Vol. 5. P. 361.

3. N.G. Basov and V.S. Letokhov. Pis’ma v Zh. Eksp. Teor. Fiz. 1965. Vol. 2. P. 6 [JETP
Lett. 1965. Vol. 2. P. 3].

4. W.E. Lamb, Jr. Phys. Rev. 1964. Vol. 134A. P. 1429.

5. B.H. Edwards and D.E. Burch. JOSA. 1965. Vol. 55. P. 174.

6. K. Sakurai, K. Shimoda, and M. Takami. J. Phys. Soc. Jpn. 1966. Vol. 21. P. 1838.

110



B.C. JleToxoB

menust k = 0,17 e '/Topp u Awe, = 5 MI'ty/Topp [5]; 2) mumus 3,5070 mxm He—Xe-
Jlazepa coBImanaet ¢ tuHuer moromenns 2850,608 em! moutekyiel H,CO ¢ TouHo-
cteio 0,007 cm ' mipu k =0,1 cm'/Topp [6]. TIpu napnenuu rasa 10> Topp MOXHO
TOTyunTh TIyOOKHiT IpoBaN ¢ muUpHHOH A, =5-10* Ty mox neiicTBHeM Tos ¢
uHTeHCHBHOCTHIO 10 BT/’

B kauecTBe MOIMOMIAIOIIMX MOJIEKYJ B Psi€ CIy4acB MOXKHO HCIIOIB30BATh
MOJIEKYJIBI aKTUBHOM CpeJibl IIPU OTCYTCTBUU BO30YXKIICHUS, TaK KaK YCIOBHE COBIIA-
JICHUS YaCTOT YCUJICHHUS U TOTJIOIEHHS B 3TOM CITy4yae BBIOIHIETCS] aBTOMAaTHYECKH.

[IpuBeneHHbIe TPUMEPHI NOTTIOLIAIONINX MOJIEKYJN SBJSIIOTCS IajieKo HE OI-

b -1
TUMAJIbHBIMH, TaK KaK I HHUX A21: 1 cex . Haubomnee BBII'OAHBI ATOMBI UJIN MO-

JIEKYJIBL C A8,=10°-10° cex . TIpu Takux 3HAYCHHSX As, MOXKHO HCIIOIB30BATh

BechbMa HH3KHE JaBieHus moriomaromero rasa (10~ Topp), 4aro TapaHTUPYET BbI-
COKYIO CTaOMJIBHOCTD TOJIO>KEHUSI JINHUM TIOTJIOMEHHs . IIpH CTONb HU3KMX AaB-
JICHUSX JUTMHA CBOOOHOTO MpoOera COCTABISIET JECITKA CAHTUMETPOB U, CJIEA0Ba-
TeJIbHO, IPU MHOTOKPAaTHOM IPOIMYCKaHUU Jy4a uepe3 MOTJIOMIAIONINNA ra3 CTporo
napajiebHO caMoMy ce0e 3a CUeT MOJEKYJ, MEPEeCceKaroIluX IOCIeI0BaTEIbHO
HECKOJIbKO JIy4eil, MOXHO IOJIy4UTh BeCbMa Y3KUH NpOBal C IUPUHOU A, =
=10’ T'u. Kpome Toro, mpu A2 =10-10° cex ' CYIIECTBEHHO CHUXAETCSl MOILI-
HOCTB, HEOOXOIuMast 111 00pa30BaHUS MPOBAIA.

5. BiioHe peansHoO MOoMydeHHe IPoBaa MOTJIOMIEH S ¢ IMUPHHOH Ay, =10° Ty
U cTabuiIM3alus 4YacTOThl pe3oHaTropa (2 M 4acTOTHl JIMHUU YCHIICHHS @), C TOYHO-

creio 107°. B atom ciyvae nipu p, = 0,1-0,3 u A, kc 2 108 'l MOXHO OKMIIAaTh
CTaGHILHOCTH YACTOTHI IeHEPAIlHH @ OTHOCHTENbHO @, mopsiaka 107", TTostomy
a0CoIoTHAST CTAOMIIBHOCTh YaCTOTHI TeHEpaIuy OyaeT OmMpeneNsaThCsl CTaOMIBHO-
CTBIO YACTOTHI JHHHM TOTJIONICHHS . IIpM HU3KMX maBieHmsx rasa (10°—
10 Topp) cTaGUIBEHOCTD LIEHTpA JTHHUH MOTJOMIEHHsS OyleT ONpENeNaThcs B3au-
MOJIEHCTBHEM MOJIEKYJ CO CTEHKAMH KIOBETHI U, MTO-BHINMOMY, MOXXET OBITh HE
xyxe 107",

ABTOp TyOOoKO Onaromaper akagemuky H.I'. bacoBy 3a obcyxneHue u moa-
JICPXKKY HACTOSIICH paboTHlI.
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Absorption saturation effects in a gas laser?’
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Radiation parameters of a 0.63-um He—Ne laser having an absorbing cell with
a discharge in pure neon were studied. A dip in the absorption line center produced a
peak in the output power whose width was determined by the Lorenztian absorption
linewidth. The power peak was broadened by 15+ 10 MHz per 1 mm Hg with in-
creasing the neon pressure and shifted with respect to the gain line maximum. The
neon line shift upon adding helium and neon was equal to 21+ 3 and 6.2+2 MHz per
1 mm Hg, respectively. The possibility is shown for using the described phenomenon
for frequency reproducibility. The achievement of the absolute reproducibility of the
He-Ne-laser frequency of the order of 10~ is reported.

1. Research of saturation effects in gases in the optical spectral range was
mainly limited by investigation of the behavior of the active medium in the laser
resonator [1—4]. We have started studying the absorption saturation by moving at-
oms in a strong field of a standing wave. Here, as in the case of gain saturation, we
can observe the phenomena which are caused by the appearance of dips in the ve-
locity distribution of atoms under the action of the field. It is simpler and more
natural to study the absorption saturation effects in a cell placed in the laser resona-
tor. However, at relatively large absorption, this saturation determines, to a consid-
erable degree, the laser radiation parameters. The influence of the absorption satura-
tion on the laser parameters becomes especially attractive when the collision widths
and, hence, the saturation parameters turn out to be markedly different. Absorption
saturation in the presence of collisions depends on the types of collisions. We will
describe qualitatively these phenomena using the simplest model of Lorentzian
broadening. In the case of the Lorentzian broadening mechanism, the gain G and
absorption 7, with an accuracy to the first terms of expansion in the standing wave
field with the amplitude £, can be written in the form

2 2
G=GO{1—2|2ﬂE| [14— > L 2}}exp{—(—Q_A) }, (N
RIT, | Ti+(Q-A) kv
g _2BEE[, 13 (ej
T_TO{I RIT, {Hrﬁgz }}exl{ ) | @

 Sov. Phys.-JETP. 1968. Vol. 27. PP. 227-229.
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3d deKTbl HacbIWEHNNA NOroWEHNs B ra3oBoOM nasepe’

B.H. JIucnuybiH, B.I1. Yeb6oTaeB

NHCTUTYT bM3nKM nonynpoBogHnUkoB Cnbupckoro otaenenms Akagemmm Hayk CCCP
MocTynuno B pegakumio 7 ceHTsbps 1967 r.

HccnenoBanuch xapaktepucTuku uznyueHus He—Ne-nasepa ¢ IIMHONW BOJHBI
A=0,63 MKM 1 TIOTJIOIIAOIICH SYCHKON C pa3psIoM B YUCTOM HeoHe. [IpoBai B 11eH-
TpPE JIMHUY TIOTJIOMIEHHS BHI3BIBAJI IIMK MOIIHOCTH T€HEPAINH, ITUPUHA KOTOPOTO OI-
penensiack JIOPEHIIEBOM MIMPUHON JTWHHUK ToriomnieHns. HaOmonanocs ymmpenue
15+ 10 MI'u Ha 1 MM pT. CT. IMKa MOIIHOCTH C YBEJIIMYEHHEM JaBJIEHHS HEOHa, a
TaK)Ke CMEIIEHHUE MUKA 10 OTHOIICHUIO K MAKCUMYMY JIMHUM yCwieHus. CIOBUT JIH-
HUM HEOHa TpW J00ABIEHWM TeNUs W HEOHAa OKasajcsi COOTBETCTBEHHO DPAaBHBIM
21+3 u 6,2+2 MI'u Ha 1 MM pT. cT. [TokazaHa BO3MOKHOCTh UCIOJNIB30BAHUS OIH-
CBIBAEMOT'0 SIBJICHUSI JUIS LIEJIeH BOCIPOM3BOAMMOCTH 4acToThl. CooOIaercst o aoc-
TIYKCHHH aBCOITIOTHOH BOCIIpon3BoauMocTH acTotsl He—Ne-asepa mopsiaka 1077,

1. M3yuenne 3¢ peKToB HACHILIEHHS B Ta3ax B ONTUYECKOH 00JIACTH CIIEKTpa
OTPaHWYHMBAIIOCH B OCHOBHOM HCCIIEZIOBAHHUEM TIOBEICHHSI aKTUBHOW CPENBI B PE30-
Hatope OKI' [1-4]. Mbl Hauanu U3y4arh HACHIILICHHUE MOTJIOLIEHUS ABMXYLIUMUCS
aTOMaM# B CUJIBHOM TIOJIC CTOSIYEH BOJHBL. 37€Ch, KaK U B CIyuae HACHIIMICHUS YCU-
JIEHUS, MOTYT HAOJIFOIaThCS SIBIICHUS, O0YCIIOBJICHHBIC BOZHUKHOBEHHEM ITPOBAJIOB
B pacrpe/ieNIeHHH aTOMOB IO CKOPOCTSIM Mo AeiicTBrueM noisi. Hanbomnee mpocto u
€CTECTBEHHO M3y4aTh 3(peKThl HACHIIICHUS MTOTIONICHHS C TUEHKOM, TOMEIeHHON
B pe3onarope OKI'. OnHako npu J0CTaTOYHO OOJBIIIOM 3HAYEHUH MOTJIOMICHHS 3TO
HACHINICHUE B 3HAYUTEIHLHOW CTETICHW OMPEICSISICT XapaKTePUCTUKHA H3ITyUEHUS
OKT'. BinussHue HachleHus: norjomnieHus Ha xapaktepuctuku OKI' crtaHoBuUTCS
O0COOCHHO TPHBIIEKATEIBHBIM, KOT/JIa yAapHbBIC IIUPUHBI, a CJICJIOBATEIBHO, U Mapa-
METPBI HACBHIIICHUS, OKa3bIBAIOTCS 3aMETHO pa3IMYHBIMH. HachIenue morionie-
HUS B MIPUCYTCTBUH CTOJIKHOBEHHI 3aBHCHUT OT XapaKTepa CTOJNKHOBeHWi. [ Ka-
YECTBEHHOTO OIMMUCAHUS SBICHHA MbI OyJIeM HCIIOJIB30BaTh MPOCTEUIIYI0O MOJENb
JIOpEHIIeBa yIMpeHus. B ciydyae mopeHiieBa MexaHU3Ma yImupeHus ycuienue G u
ToTJIONIeHne I ¢ TOYHOCTBIO J0 TEPBBIX WICHOB PA3JI0OKEHUS IO TOJIO CTOSUYSH
BOJIHBI C aMIUIUTY0U E mpencTaBuM B BUAE

2 2
2|BE 2 —
G=Gyql- Lﬂ i . h T | pexp —(u) , Q)]
2 2
2|BE 2
T=Ty1- Lﬂ | 1+ zrz = |rexp —[gj : @)
BT, | 240 kv

#XKIT®. 1968. T. 54, Bbin. 2. C. 419-423.
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where G, and T, are unsaturated gain and absorption at the line center; I' is the
quantity related to the lifetimes of the upper z,, and lower 7; levels by the expression
I/I'=1,+7; ') and I'; are the Lorentzian half-widths in amplifying and absorbing
media related to the natural half-width 'y equal to the sum of the radiative half-
widths of the working levels and to the collision frequency v leading to the phase in-
terruption by the expressions I'y =1y +v, and I'; =Ty +7V,, respectively; Q is the
detuning with respect to the absorption line center; A is the gain line shift due to
collisions.

In the model used here, the time of the atom—field interaction does not change
in collisions and the pressure effects are taken into account only in terms I['; and I'.
The equality of the gain and absorption to the resonator losses R allows one to de-
termine the field in the resonator:

Ep=T0 ) T R l(uj
T 2p G, G, kv

2 2 -
X 1+%—££ 1+% . (3)
2 Q-A? G| T2+Q

The first two terms in the denominator are responsible for the formation of a well-
known output power dip in the gain line center [3]. The third term responsible for
the formation of a dip in the absorption line describes a power increase in the ab-
sorption line center. In other words, the peak of the output power reflects the ap-
pearance of the dip due to the overlap of the “holes” burned through by a strong
field in the absorption line. The condition for obtaining the power peak is

Ty/Gy > (T2 /T) @)

2. Experiments were performed with a 0.63-um He—Ne laser. The distance
between the mirrors was 64 cm. Ne*® and He’ isotopes were used in the experi-
ments. However, the phenomena described below were observed with natural neon.
A dc discharge was excited in the amplifying tube filled with the He—Ne mixture,
while a RF discharge was excited in the absorbing cell. One of the resonator mirrors
was fixed on piezoelectric ceramics to which voltage from a sawtooth generator
was applied. The results were recorded with an oscilloscope and a recorder. The
frequency dependence of the output power was studied in a broad range of neon and
helium pressures in the absorbing tube and the amplifying tube, respectively.

The output power peak on the curve of the frequency dependence of the field
was observed in the neon pressure region from 5x107* to 4 mm Hg. Presence of the
generation peak at neon pressures in the cell, which exceeded the helium pressure in
the amplifying tube by several times, indicated a smaller quantity of a collision
broadening in neon compared to helium. When absorption was increased, the power
peak increased in accordance with expression (3). At 7,11 /GoI'; < 1, the observed
frequency dependence of the laser power is well described by expression (3). The
output power increases with increasing absorption (unsaturated absorption grows
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rae Gou Tp— HEHACHIICHHbIC YCUIICHHUE U MOTJIONICHHUE B IICHTpe JuHuu; [ — Be-
JINYMHA, CBA3aHHAS C BPEMEHAMU >KU3HU BEPXHETO T, U HUKHETO T, YPOBHEH COOT-
vomenuem 1/T" =1,+1,; [ u [, — nopeHIeBbl NOMYIIUPUHBI (B YCUIUBAIOIICH U
HNOIJIOIIANIIEH CpefaxX, CBSI3aHHBIE C €CTECTBEHHOM MOMyUpHHON [y, paBHOM
CyMME paTUaIlMOHHBIX TOMYIIUPUH pabOUnX ypOBHEH, M 9aCTOTOW CTOJKHOBEHHM
v, TpHBOIAMIEH K cO0I0 (ha3pl, COOTBETCTBEHHO COOTHomeHusMu 'y =1, +7,,

Ih=Ty+V,; Q — paccTpoiika OTHOCHUTEIIBHO IICHTpA JIMHUH TOTJIOMEHU; A —

CZBWT IIEHTpa JIMHUSI YCUIICHUS U3-3a CTOJIKHOBEHUI.

B BeIOpaHHOM HaMM MOJETU BpeMs B3aUMOJIEHCTBHUS aTOMOB C IIOJIEM HE U3-
MEHSIETCS TIPH CTOJKHOBEHUSX U 3 (DeKThl JaBleHHUs yUUTHIBAIOTCS JHIIb B WICHAX
I'y u I',. I3 paBeHCTBA pa3HOCTH YCHJIEHUS U NOTJIOLIEHUS MTOTEPSM B pe30oHaTope R
OIIpENIEINM IT0JIE B PE30HATOPE:

2 2
WIT |, T, R IJ{Q—AJ

G, kv

==
N

-1

Lo, 0

e — 3
IT+(Q-A)? G I, TI;+0Q7 @)

[lepBbie nBa uiieHa B 3HAMEHATENE CBS3aHBI C OOPAa30BAaHHWEM XOPOIIO HM3BECTHOTO
[IpoBajla MOIHOCTH F'€HEpaIH B LIEHTpE TMHUM ycuieHus [3]. Tperuit uneH, cBa3aH-
HBII ¢ 00pa3oBaHKeM TpOBajia B JIMHHUHU TOTJIONICHHS, OMTUCHIBAET YBEIMUYCHHE MOII-
HOCTH B LIEHTPE JIMHUM TOTJIOMEeHHs. [IpyruMy coBamMH, MUK MOIIHOCTH T€Hepaluu
0TOOpakaeT BO3HHWKHOBEHHE TPOBaTa H3-332 MEPEKPBITHSA «IBIPOK», MPOKUTAEMBIX
CHJIBHBIM TIOJIEM B JITHUH TIOTJIOMICHUS. Y CJIOBUE MOTYIEHHSI TTHKa MOIITHOCTH €CTh

To/Go > (Fz/rl )3- “4)

2. DkcrnepuMeHThl Obutn TipoBeAeHbl ¢ He—Ne-nasepom Ha 1= 0,63 MKM.
PaccTosiHHE MEXTy 3epKanaMu ObUIO paBHO 64 cM. Hcronb3oBamuck u3oromst Ne™
u He’. OnHako ommceiBacMble HIDKE SIBICHHS HAOIONAINCH H C €CTECTBCHHBIM He-
oHoM. B ycmnmrensHOM TpyOKe, HamonHseMol cMeckio He—Ne, Bo30yknancs pas-
PSAA TIOCTOSIHHOTO TOKa, B TIOTJIOINAOIIEH stueiike Bo30yxkmancs BY paspsn. OmHO
U3 3epKajl pe30HaTOpa YKPEIULUIOCh Ha Mbe30KEepaMHUKe, Ha KOTOPYIO MOAABAIOCH
HaIpspKeHHE OT FeHepaTopa MII000PAa3HbIX HAMPSHKEHUH. [ MHANKAIIMY UCTIONb-
30BAIMCH OCHIILIOrpad U caMmomnucel. 3aBUCUMOCTh MOIIIHOCTH TeHEepaIuy OT Yac-
TOTHI HCCIIEOBalach B MIMPOKOM JHAla30HE NABICHWH HEOHAa B TOTJIOMIAIOIICH
TPyOKe ¥ reliusi — B YCHUIINBAIOIIEH.

[Iuk MOUTHOCTH TeHepaluu Ha KPUBOW 3aBUCHUMOCTH IIOJII OT YacTOTHI Ha-
6II0/aCs B IMANa3oHe JaBjieHui HeoHa oT 5-107° 10 4 MM pr. cr. Hammune muka
TeHEepaluy TIPU JABICHUSIX HEOHA B sUCHKE, B HECKOJBKO pa3 MPEBBIMIAIOIINX JIAB-
JIEHUE TeNUs B YCWIMTEIHHON TpyOKe, TOBOPMIJIO O MEHBIICH BETUYHMHE YIApHOTO
YITUPEHUS B HEOHE 110 CPaBHEHUIO C TemeM. [Ipu yBenTndeHNH MOTIIOMICHUS BEH-
YIHA MHKA YBEIMYUBAIACh B COOTBETCTBUU ¢ (hopmymoii (3). [Ipu 3HaueHusX mapa-
metpa Ty /Gy ', < 1 Habmogaemas 3aBucuMoctb MoinHocTd OKI™ 0T yacToTh
XopoIio onuckiBaetcs dhopmyioit (3). [Ipu yBenmn4eHUN TOTIIOMIEHUST MOIITHOCTh Te-
HEepaIuu pacteT (YBETNICHHE HEHACBIITICHHOTO TTOTIJIONICHUS IIPOU3BOIUTCS OHOBPE-
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simultaneously with unsaturated gain so that the excess of the effective gain over
the threshold remains constant). This leads to the peak broadening by the field,
which is not taken into account by expression (3). The estimates show that in our
case, the saturation parameter |SE|/A’IT, in the absorbing tube could achieve the
values of the order of unity. Then, expression (2) should take into account the next
terms in the expansion in the field. And, finally, at 7, "} /G, ', > 1, hysteresis phe-
nomena [5] take place both when the frequency and the gain change.

When the neon pressure was increased in the absorbing cell, we also ob-
served the peak broadening caused by collisions. Figure 2 presents the dependence
of the Lorentz half-width of the line on the neon pressure pn.. These data show a
noticeable disagreement with the observed broadening in spontaneous radiation in
the He—Ne mixture, which was obtained by one of the authors together with Bennett
and Knutson. At present, these results are being analysed in more detail.

At neon pressures of the order of 10" mm Hg, the Lorentz linewidth A=
=0.63 um is caused only by radiative decay of 3s, and 2p4 levels. It follows from
the data on the lifetime of the 3s, [6] and 2p, [7] levels that the radiation width of
the 3s,—2p, transition by neglecting the radiative decay to the ground state is equal
to 14.3x10° Hz. The difference between the observed value 2I', = 28x10° Hz and
the value mentioned above can be attributed to an additional contribution to broad-
ening, which gives rise to a transition to the ground state. Thus, the probability of this
transition is 8.5x10" + 10" s™'. The found result allows one to compare the observed
collision broadening with the calculated one under assumption of a resonance ex-
change [8]. The experimental and calculated values of the collision line broadening
of neon at A = 0.63 um in the proper gas agree by the order of the quantity.

Note also that the line shift we observed when neon was added indicates the
presence of other line broadening mechanisms caused by the interaction of colliding
particles, which yield anomalously large cross sections of collision broadening
~5x10""* cm’.

3. The use of an absorbing cell in the resonator significantly changes the
shape of the line of the small-signal gain in the presence of the strong field. (We

mean the change in the shape of the effective gain
Py line caused by a change in the velocity distribution
of atoms in a strong field by neglecting the interfer-
ence effects considered by Rautian and Sobel’man
[9].) The narrowing of the line takes place within
the limits of the Lorentz width in the absorbing tube.
Then, the type of oscillations located in the line cen-
ter experiences noticeably smaller absorption com-
pared to the adjacent ones. This is equivalent to the
"T" L mode selection, which is achieved due to the proper-
. ties of the medium rather than due to the use of dif-
Fig. 1. Dependence of the out- . .
put power Py, on the resonator fe.rent typ;s of resona.tors. It is very convemen‘F ‘Fhat
length L in the absorbing tube thls selection goes with the 51.mu1taneous stabiliza-
at pxe = 0.1 mm Hg; in the am-  tion of the laser frequency with respect to the ab-
plifying tube at py. =0.1mmHg  sorption line center. We observed an increase in the
and py. = 1.5 mm Hg output power in one type of oscillations approxima-
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MEHHO C YBEJIMUYCHUEM HEHACHIILICHHOTO YCHIICHUS, TaK YTO MPEBbIICHUE dPPEKTUB-
HOTO yCWJIEHHUS HaJ| TIOPOTOM OCTAaeTCsl HEM3MEHHBIM). OTO MPUBOAUT K YIIUPEHHIO
MUKa TI0JIeM, 4TO He yduThiBaercs ¢opmynoil (3). OneHkr MmoKas3bIBaloT, YTO B Ha-
1IeM clydae rmapametp Hachimenus |SE|7/A’TT, B noromaromeii Tpybke MOr I0CTH-
raTh 3HaUY€HMs MOpsaKa eAuHHULBL. Torma B dopmyie (2) HEOOXOOUMO YUYHMTHIBATH
CJICAYIONINE 0 TIONI0 WieHbl pasznoxenus. U, nakownen, korma 7o' /GyI» > 1, Ha-
CTYHAlOT THCTEPE3UCHbIE ABNICHHUS [5] KaKk PH M3MEHEHUH YacTOTHI, TaK U MIPU U3Me-
HEHUH yCUJICHHUS.

C poctoMm naBieHHMs HEOHa B IMOTJIOLIAIOIIEH s4elke Takke Halmoganoch
yIIUpEeHHe MMMKa, 00YyCIOBICHHOE CTONKHOBEeHUsIMU. Hike Ha puc. 2 mpencraBieHa
3aBHCHMOCTD JIOPEHIIEBOW TOJIYIIUPUHBI JIMHUN B (YHKIHM NaBJICHHUS HEOHA Pye.
OTH NaHHBIE OOHAPY>KUBAIOT 3aMETHOE PACXOXKICHHE C HAOII0JaeMbIM yIIUPEHUEM
B CIIOHTaHHOM M3Ny4eHuHu B cMecu He—Ne, koTopoe ObUIO MONTyYeHO OHUM H3 aB-
TopoB coBMecTHO ¢ benHeroM n Kuyrconom. bosnee peranbHbIil aHamu3 aTUX pe-
3yJbTaTOB B HACTOAIIEE BPEMS IIPOBOJUTCS.

Ipu NaBIeHHsAX HEOHA HopsAaka 107 MM PT. CT. TOpeHIeBa IMPHHA THHHH A =
= (0,63 MK 0OyCIIOBIIEHa JIUIIb PAJUAIlMOHHBIM 3aTyXaHUEM 35,- U 2p,-ypoBHEH. U3
JAHHBIX paboT ATl BpEMEH JKU3HU YpOBHEH 3s; [6] u 2p, [7] pagunaunoHHas muprHa
nepexofa 3s,—2p, 0e3 ydera paJualMOHHOTO paciaia B OCHOBHOE COCTOSHUE PaBHA
14,3-106 . PaszHocth Mexmy HaOMOMaeMbIM HaMu 3HadeHHeM 2I° 2=28-106 I'n u
YKa3aHHBIM BBIIIE MOXKET OBITh MPHUIKCAHA AOTIONHUTEIHHOMY BKIAAy B yIIUPEHHE,
KOTOpO€ JaeT Iepexo/l B OCHOBHOE COCTOsIHHME. BepodaTHOCTh 3TOTO nepexoa, cliesio-
BaTeNbHO, paBHa 8,5-107 £ 107 cex . HaiiieHHBII pe3y/IbTaT HO3BONAET CPABHUTH Ha-
OnromaeMoe yJgapHOE YIIMPEHHE C PACUETHBIM B NPEIIOJIOKEHHUH PE30HAHCHOTO
obmena [8]. Ilo mopsimKy BEIWYHHBI SKCIICPUMEHTATBHOE M PACUCTHOE 3HAUCHUS
YAApHOTO YITUPEHHSs JIMHUY HeoHa A = 0,63 MKM B COOCTBEHHOM Ta3€ COTJIacyrOTCS.

Heob6xoanmo oTMeTuTh, 4T0 HAOIIOJAEMBIN HAMHU CIBUT JMHHUM IIPU JOOaBIe-
HUHM HEOHA CBHUJETENBCTBYET O HAIMYMH M JIPYTUX MEXaHW3MOB YUIMPEHHUS JIMHUH,
00YCJIOBIEHHBIX B3aUMO/IEHCTBUEM CTAJIKMBAIOIINXCS YaCTHUI U JAIOIIUX aHOMAJIbHO
GOIBILIE CEUCHUs YAAPHOro ymmperns ~5-107 ev?.

3. BBenenue B pe3oHaTOp Jla3epa MOIJIOLIA0-

e STYEHKH CYIIECTBEHHO M3MEHSET (HOopMy JTHMHHUH P
YCUJIEHHS CTIa00ro CUrHaja B MPUCYTCTBUH CHIIBHOTO
noist. (Mel nMeeM B Bumy u3MeHeHHe (popMbl IMHUN
3¢ (GEKTUBHOTO yCUJICHUs, 00YCIOBJICHHOE H3MEHE-
HUEM pPacHpeeieHUs] aTOMOB IO CKOPOCTSM B CHJIb-
HOM Tojie 0e3 ydera MHTEPHEPEHIIMOHHBIX 3(]dek-
TOB, paccMoTpeHHbIX Paytnanom um CobenbMaHOM
[9].) CyxeHue NUHUHE UMEET MECTO B IpeseNiax Jo- HTH L
PEHILIEBOH IIMPHHEI B Moriomaromeit Tpyoke. Torna
TUI KOJNeOaHWH, paclojOKEHHBIH B LIEHTPE JIMHHUU
HCILITBIBACT 3aMETHO MEHbIIEe MOMMOMIEHHE MO ,ooons 1 B norsomarommeii
CPaBHEHHIO C COCETHUMHU. DTO PAaBHOSHAYHO CENEK-  huGre py =0,1 MM pT. o] B
LI MOJI, KOTOPast IOCTUTACTCS 32 CYCT CBOMCTB CPE-  yeynyrenshoii TpyoKe pre =
Jibl, @ HE 32 CYCT MCIONb30BAHMS PA3lIMYHBIX BHAOB  =(,] MMPT.CT. U ppe
pe3onaTopoB. OueHb y00HO, YTO TAKOH THI CENEK- = |,5 MM PT. CT.

Puc. 1. 3aBrcruMOCTb MOIIHOCTH
resepauyu Py, OT UIMHBI pe-
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tely by two orders of magnitude compared to the power of the same generator with
the same type of oscillations but without an absorbing cell.

4. One can see in Fig. 1 that the maximum of the output power is shifted
with respect to the gain line center. The quantity of this shift A depended both on
the neon pressure in the absorbing tube and on the helium pressure in the amplify-
ing tube. It is obvious that the first corresponds to the shift of the absorption line
caused by neon—neon collisions, while the second corresponds to the shift of the
gain line due to neon—helium collisions. Figures 2 and 3 present the dependences of
the shift of the output power maximum from the gain line center on the neon pres-
sure in the absorbing cell and the helium pressure in the amplifying tube, respec-
tively. Within the measurement error, the line shift linearly depends on the pressure.
The gain maximum with increasing the helium pressure shifts to the violet and this
shift is equal to 21 +3 MHz at 1 mm Hg. In pure neon the absorption line center
shifts to the red and this shift is equal to 6.2 £2 MHz at 1 mm Hg in the region of
pressures under study. The sign of the shift was determined with a 10-cm Fabry—
Perot interferometer upon scanning the laser frequency. The shift of the gain line
well agrees with the measurements performed recently by one of the authors to-
gether with S.N. Bagayev and Yu.D. Kolomnikov [10] while studying the fre-
quency shift of the He—Ne laser tuned to the gain line maximum.

At a helium pressure less than 1 mm Hg, the frequency dependence of the
output power contains both a dip and a maximum. The shift of the dip with respect
to the peak indicates that the shift of the gain line maximum in helium is caused
mainly by the interaction during which the line is shifted as a whole without any no-
ticeably change in the shape, i.e. in the He—Ne mixture, the shift of the gain line
maximum due to the asymmetry is substantially smaller that the line shift according
to Weisskopf. The authors of the above-mentioned paper came to a similar conclu-
sion when studying the frequency shift of the He—Ne laser during the generator tun-
ing to the gain line maximum and to the dip in the output power.

The observed shifts comparable with the broadening show that the interaction
leading to the line broadening is obviously a more important reason of the neon line

I, MHz A, MHz A, MHz
60
30
1440 40 -
—436
15 —432 20
—428
—24 | 1 |
L L L 0 1 2 3
0 0,5 1,0 1,5 Pue, mm Hg
Pnes mm Hg

Fig. 2. Lorentz width and shift of the output  Fig. 3. Shift of the output maximum with
maximum during the measurement the neon  changing the helium pressure in the ampli-
pressure; pne = 0.1 mm Hg, pp.= 1.2 mm Hg  fying tube; pne = pne = 0.1 mm Hg
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UM COYETAeTCs C ONHOBpeMEHHOH crabunmzanueir wactotel OKI' oTHOCHTENBEHO
LEHTpa JIMHUU MOTJIOMEeHH. MBI HabIroany yBenTuueHre MOITHOCTH T'eHepalury B
OJHOM THUIIE KOJCOAHWH MPUMEPHO Ha J[BA MOPSIKA MO0 CPABHEHHIO C MOIIHOCTBIO
ATOTO JK€ TeHEepaTopa Ha OJTHOM THIIE KOJIeOaHUiT €3 TOTIIOIAIONIeH TICHKH.

4. Kak BuaHO W3 pHC. 1, MUK MONIHOCTH TEHEPAIIUH CMEIECH OTHOCUTEIHHO
LIEHTpa JIMHUM ycuiieHUs. BenuunHa 3Toro cMenieHus A 3aBucena Kak OT JaBJICHUS
HEOHa B MOTJIOIIAloIel TpyOKe, Tak U OT JAaBJICHUS Telus B yCHINTENBHON TpyOKe.
OueBuaHO, YTO MEPBOE COOTBETCTBYET CABUTY JIMHUM IOTJIOLICHHS, 00YCIOBIICH-
HOMY CTOJKHOBEHHSMU HEOH—HEOH, BTOPOE€ — CIBHUTY JIMHUU YCHUJIEHHA MH3-3a
CTOJIKHOBeHHH HeoH-Tenuil. Ha puc. 2 u 3 mpeacraBieHbl COOTBETCTBEHHO 3aBH-
CUMOCTH CMEUICHHSA MUKa MOUTHOCTH TeHEepaIly OT LEHTPa JIMHUW YCWJICHHS OT
JABJICHUSl HEOHA B MOIVIOMIAIOIICH slYeWKEe W NaBJICHUS Telds B YCUJIUTEIbHOU
TpyOke. B mpenenax ommOKy U3MEPEHUH CIBUT JIMHUH JIUHEHHO 3aBUCHUT OT JaBiie-
HUS. MakCUMyM YCHIJIGHHsI C POCTOM JaBJICHHS Teliusl cMelaeTcsl B (hUOJIETOBYIO
obnacTh 1 BenmuuuHa casura paBHa 21 =3 MI'm na 1 MM pt. cT. B unicrom Heone
LIEHTP JIMHUH TMOTJIOMICHUSI CMEIIaeTcsa B KpacHyI0 00JacTh, a BEIWYMHA €T0 PaBHA
6,2+ 2 MI't Ha 1 MM PT. CT. B HCCIIETyEeMOM OONacTH NaBieHWH. 3HAaK COBUTA OII-
penensicss ¢ oMoripio 10-canTuMerpoBoro umHTepdhepomerpa dadbpu—Ilepo mpm
ckanupoBaHuy 4acToTel OKI'. CaBur TMHUM yCHIIEHUS OYEHb XOPOILIO COIIACYETCs
C BBINIOJHEHHBIMM HEIABHO M3MEPEHMSIMH ogHOro u3 aBTopoB BMecTe ¢ C.H. bara-
eBbiM 1 10.J[. KonomuaukossiM [10] mpu uccnenoBanuu caBura dactotel He—Ne-
OKIT', HacTpauBaeMoro Ha MaKCHMYM JINHUHU YCHUJICHUSI.

[Ipu naBneHnu renust MeHee 1 MM pT. CT. Ha KPUBOM 3aBUCHMOCTH MOIIHOCTH
TeHepali OT YacTOThl HaOJromalcs Kak MmpoBajl, Tak ¥ NHuK. CMeleHne mpoBaia
OTHOCHUTEIBHO NMHKA CBUIETENBCTBYET O TOM, YTO CABHI MAaKCUMyMa JINHUU yCHJIE-
HUSL B TeUM OOYCJIOBJIEH B OCHOBHOM B3aMMOJICHCTBHEM, NMPH KOTOPOM JIMHMS
cMelIaeTcs Kak 1eyioe 06e3 CymecTBEeHHOTo u3MeHeHus GopMel, T.e. B cMecn He—Ne
CMeIlleHHe MaKCUMyMa JINHUW yCHJICHNS U3-32 aCHMMETPHUH 3HAYUTEIFHO MEHbIIIE
casura jquHUU 10 Beiickondy. K anamorngHoMy BBIBOLY MPHIILUIA aBTOPHI YIIOMSI-
HyTOH BbIIIe paboThl, uccnenys cMmemenue yactotel He—Ne-OKI' npu HacTpoiike
reHepaTopa Ha MaKCUMYM JIMHUM YCUJIEHHUS U Ha IPOBAJ B MOIHOCTU T'€HEPALIUU.

I, MI'ng A, MI'g A, MI'g
60
30
440 40 -
=136
15 —432 20+
=428
—24 | 1 |
L L L 0 1 2 3
0 0,5 1,0 1,5 PHes MM PT. CT.

PNe> MM PT. CT.

Puc. 2. Jlopenniea mmpuHa u cMenienue mu-  Puc. 3. CMmenienne muka reHepariy mpy u3-
Ka reHepanuun 1mpru M3MCHCHUN JaBJICHUA HE- MCHCHHUM NaBJICHUA TI'CIIHSA B yCHHHTeHBHOﬁ
oHa; pre = 0,1 MM PT. CT., pye = 1,2 MM PT. CT. TpyOKe; prne = Pne = 0,1 MM pT. cT.
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broadening at A =0.63 um in the experiments with a strong field than the atomic
diffusion model in the velocity space considered in [4].

5. The maximum of the output power can serve as a good means for stabilizing
the laser frequency. At small pressures, when the influence of the collisions in the cell
can be neglected, high absolute reproducibility of the gas laser frequency will be at-
tained, which is very important for creating the length standards. In this case, the peak
width is determined by the radiative decay of the levels and the value of the frequency
reproducibility will be comparable with the reproducibility, which can be obtained
with the help of atomic beams. The shift of the gain line in the tube gives some pull-
ing of the power maximum, which is determined from expression (3) as

)

3=

21-10/Gly) Gy I3 Go(rzf R
(1-To/Go = Ro/Go)(kv)* Ty Ty Ty '

LT Ln

For the He—Ne laser, we have the reproducibility 10 in a wide range of he-
lium pressures in the amplifying tube.

Preliminary research of the frequency reproducibility in the He—Ne laser with
the absorbing cell stabilizing the absorption line center have shown that the fre-
quency reproducibility of 107 is comparatively easily achieved [10]'. The use of
the vibrational absorption spectra of molecules in combination with known lasers
makes it possible to reproduce the frequency exceeding the mentioned one by sev-
eral orders of magnitude. As an example we can mention the methane—-He—Ne-laser
system operating at 4 = 3.39 pm.

The authors thank S.G. Rautian, A.P. Kazantsev, G.I. Surdutovich for useful
advice and discussions of issues touched upon in this paper, W.R. Bennet for dis-
cussing the mechanism of collision broadening in neon, S.N. Bagayev for discuss-
ing the mechanism of the gain-line maximum shift. The authors also express their
gratitude to G.A. Milushkin and A.K. Maslov for their help in the experiments.
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! These experiments were performed in collaboration with S.N. Bagayev and Yu.D. Kolom-
nikov, to whom the authors express their gratitude. The frequency reproducibility of the
He-Ne laser with the absorbing cell tuned to the absorption line center was studied. The
helium pressure in the amplifying tube varied in a very wide range, while the neon pres-
sure in the absorbing cell varied from 5x1072 to 2x10™! mm Hg. Under these conditions
the frequency reproducibility of 1.5x107° was achieved.
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Habmomaempie caBUTH, CpaBHUMBIE C YIIMPEHHUEM, YKA3bIBAIOT, YTO B3aUMO-
JICVCTBHE, PUBOJIAIIICE K YIIUPESHUIO JIMHUY, SBJISICTCS, TIO-BUIMMOMY, OOJiee BaXKHOM
MPUYUHON YIIUPEHUS TMHUM HeoHa 4=0,63 MKM B 3KCIICPUMEHTAX C CUJIBHBIM TI0JIEM,
4eM paccMoTpeHHas B [4] Mozenb nuddQy3nn aToMOB B IPOCTPAHCTBE CKOPOCTEH.

5. I[Iux MOITHOCTH TEHEPAIUA MOXKET CIY)KUTh XOPOIIUM CPEIICTBOM CTabu-
nm3anun 9acToTel OKI'. Tlpu ManbIx gaBIeHHUSX, KOTJa BIUSHUEM CTOJIKHOBEHUH B
siaeiike MOJKHO TIpeHeOpedh, OYIET MOCTHTaThCS BBICOKAsI aOCOIOTHAS BOCIIPOMU3-
BOJIUMOCTPH 4acTOTHI Ta30BbIX OKI', 4TO 0YeHB Ba)KHO JJIS1 CO3JaHUS STAIOHOB JJIH-
Hbl. [IlupyHa nmUKa B 3TOM ciydae OIpPEAESeTCs pPagUualMOHHBIM 3aTyXaHUEM
YpOBHEH M 3HAUYE€HUE BOCIPOM3BOJUMOCTH YaCTOTHI OyIET CPaBHUMO C BOCIIPOM3-
BOAMMOCTBIO, KOTOpasi MOKET OBITh IMOJIy4eHA C MCIOIH30BAHWEM aTOMHBIX IydY-
koB. CIIBUT JIMHUW YCUIICHUS B TPYOKE aeT HEKOTOPOE 3aTATHBAHUE ITMKA MOIIIHO-
CTH, KOTOpOe U3 GhopMyJib (3) ompenensercs: Kak

21-T1/GTy) G I Gy T,
Ay = ———2-— 2| A 5)
(1-Ty /Gy — Ry /Gy)(kv)* Ty Ty Ty \ Ty

Hns He—Ne-OKI' umeeM BoCHpOU3BOIUMOCTH 10° B IAPOKOM JHaria3oHe
JABJICHUH TeIus B yCHIUTEIBHON TPyOKe.

IIpenBapuTenbHBIC HCCIIEIOBAHNS BOCIIPOM3BOAMMOCTH YacToThl He—Ne-naze-
pa ¢ TIOTJIOMIAIOIICH SYEeHKOH, CTaOMIM3HPYEMOro Ha LEHTP JMHHM IOIIOIICHUS,
MOKa3aJld, YTO BOCHPOU3BOAUMOCTb YaCTOThI 107 CPaBHUTEIILHO JIETKO JOCTHUTACTCS
[10]1. Hcnonb3oBanne koneOaTEeIbHBIX CIEKTPOB MOTIIOMICHUS MOJIEKYJI B COYCTAHUHT
C U3BECTHBIMH JIa3€paMU JaCT BO3MOKHOCTb MOJTyYUTh BOCIIPOU3BOIUMOCTE YaCTOTHI,
MIPEBHIIIAIONIYI0 YKA3aHHYIO HAa HECKOJILKO MOPSAKOB. B kadecTBe mprmMepa MOXKHO
ykazarthb cucremy MeraH—He—Ne-iasep, paboTaroiiyto Ha JJTUHE BOJHBL A = 3,39 MKM.

Astops! nuckpenne Omaromapsr C.I'. Paytuana, A.Il. Kazanmera, I'.U. Cypmy-
TOBHYA 32 COBETHI M OOCYKIECHHE BOIIPOCOB, 3aTPOHYTHIX B 3TOM padore, B.P. bennera
3a 00Cy/IeHre MexaHm3Ma yaapHoro ymupenus B Heone, C.H. baraea 3a obcyxme-
HUEC MEXaHW3Ma CABHIa MaKCHUMyMa JIMHWUHM yCWJICHHs. ABTOPBI Takke OJarofapHbI
I'A. Munymxkuny u A.K. MacioBy 3a mOMOIIb B IPOBEJEHUHN SKCIIEPUMEHTOB.
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1 3711 skcnepuMeHTbl 6binKn BbiNoAHEHbI coBMecTHo ¢ C.H. BaraesbiM 1 10./]. KONOMHUKOBLIM,
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A high frequency stability (10 to 10'°) has been reported for gas lasers
[1-3]. The most widely used methods for stabilizing frequency are based on the use
of the Lamb dip, dispersion characteristics, and Zeeman absorption cell [4, 5].

However, as further studies showed, the long-term stability and reproducibil-
ity of laser frequency remained low: from 10~ to 10°®. It was shown in [6] that the
wavelength reproducibility for a He—Ne laser at A = 0.63 um over 1000 h is on the
order of 10°® i.e., lower than that for the **Kr wavelength. Our investigation of the
shift and asymmetry of the 6328 A Ne line, caused by the collisions with He and Ne
atoms, gave the same result. A change in the pressure of *He and *He isotopes was
found to lead to a blue linear shift of this line by, respectively, 20+2 and 16+2 MHz
per 133.3 Pa. The line of pure neon undergoes a red shift by a much smaller value:
6 = 1 MHz per 133.3 Pa. Hence, a change in the helium pressure in the laser tube by
13.33 Pa (a realistic value for a time of about 100 h) shifts the line by 2 MHz,
which amounts to 5x10° of the laser frequency. Thus, to obtain a long-term fre-
quency reproducibility of 10~ at a working He pressure of 200 to 267 Pa in the la-
ser tube, it is necessary to maintain the pressure with an absolute error of no more
than 2 to 3 %. Obviously, one can hardly do this for a long time in a sealed-off dis-
charge tube. In addition, as our experiments showed, the asymmetry, caused by in-
teratomic collisions, makes the frequency corresponding to the minimum power de-
pendent on the level of discharge excitation when the Lamb dip is used for
frequency tuning. The laser frequency stabilized using a Zeeman absorption cell
also shifts when changing the excitation level and magnetic field in the cell [3].

In this context, the stabilization methods in which the effect of atomic colli-
sions can be neglected are of great interest.

Here, we implemented for the first time a new method for stabilizing the fre-
quency of a He—Ne laser with 4 =0.63 pm. The stabilization was performed using
the effects of absorption saturation in the standing-wave field. These effects were
considered thoroughly in [7], where a frequency reproducibility of 10~ was re-
ported. In this paper we describe these experiments in detail. Another stabilization
method was proposed in [8, 9]. However, a particular case of stabilization — self-
stabilization — was considered in [9]. In this case, the saturation in the absorption
line in the standing-wave field is used. The self-stabilization conditions obtained in

# Measurement Techniques. 1968. Vol. 11, No. 8. PP. 1037-1039.
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Crabunmsaums m BOCNpousBOAMMOCTb YacCTOTbl
reJIMi-HeoHOBOro slasepa Ha A = 0,63 MKM?

C.H. baraes, IO.[1. KonomHunkos, B.I1. Yeb6oTtaeB

NHCTUTYT du3mkm nonynposogHnkos Cnbupckoro otaeneHms Akagemmn Hayk CCCP
Moctynuno B pegakuuto 4 anpens 1968 r.

Panee cooOmianoch 0 TOCTHKEHUH BHICOKON CTA0OMIIBHOCTH YacTOTHI Ta30BbIX
nasepos nopsiaka 10 °—107'° [1-3]. K 0cHOBHBIM MeTonaM CTaGHMIM3ALMH, HauGOIee
YacTO BCTPEYAOIIUMCS Ha TPAKTHUKE, MOYKHO OTHECTH: CTAOMIIM3AIMIO TIO MPOBAITY
JI>m0a, Mo TUCTIEPCHOHHBIM XapaKTEPUCTHKAM M METOJ, MCIIOIB3YIOIINI 36eMaHOB-
CKYIO fAueiKy moriomienus [4, 5].

OpHako, Kak IMOKa3aidu JalbHEWIINE HCCIENOBaHMA, JOJITOBPEMEHHAs CTa-
OMIIFHOCTH U BOCHPOHM3BOJMMOCTD YaCTOTHI JIa3€POB OCTABAJIACh JOBOJIFHO HHU3KOM,
pasroii 10 7—10"*. B [6] 6GbLIO MOKAa3aHO, YTO BOCIIPOU3BOANMOCTE JUTHHBI BOJIHBI
myuernst He—Ne-nazepa Ha 4 = 0,63 mxMm 3a 1000 gacoB ycTymaeT BOCTIPOU3BO-
JMMOCTH JUTHHBI BOJHBI KT M cocTaBisieT Benuunny mnopsaka 10°. K takomy xe
pe3yJIbTaTy IPHBOJAT MCCIENOBAHHS CABMIa M acUMMeTpuu nuHuu Ne 6328 A us-
3a 3(pdexTa CTONKHOBEHHH C aTOMaMH Telus W HEOHa, MPOBEICHHbIE aBTOPAMH
3TO# pabothl. BBUTO MOMTy4YeHo, YTO PH U3MEHEHHUH JaBlICHHUS U30ToNa renus 3 u 4
UMEeT MECTO JIMHEWHBIA CIOBUT JUHUMA B (DUOJETOBYIO OOJIACTH Ha BEJINYMHY
202 MI'n u 16 £2 MI'ny ma 133,3 H/M? cooTBeTCTBEHHO. B 4ncTOM HEeoHe CIBUT
3HAYMTETBHO MEHbIIE U cocTaBisieT 6 + 1 MI'n va 133,3 H/M® B KpacHY0 0671acTb.
OTcro/1a BUHO, YTO H3MEHEHHE aBICHHs TelIHs B 1a3epHoil TpyOke Ha 13,33 H/M?,
YTO BIOJHE peanbHO 3a BpeMs nopsaka 100 gaco, cMemaeTr MakCUMyM JIMHUA Ha
BermmunHy 2 MI'm, uto cocraBimser 5107 wactorel nazepa. Takum oGpasoM, s
TIOJTyYeHH s JONTOBPEMEHHO# BOCIPOM3BOANMOCTH yacToTsl 10 mpu paGouem nas-
JICHUH TeNus B la3epHoit Tpy6ke 200-267 H/M® He06X0IMMO HOIEPKHBAT H BOC-
MIPOM3BOANTD JIaBJIeHNE ¢ aOCOIOTHON MOTPEIIHOCTRI0 He 6onee 2—3 %. ScHo, uTo
B TE€UYEHHE UINTEIILHOTO BPEMEHH MOJIEP)KHUBATh JaBJI€HUE C TAKOW TOYHOCTBHIO B
OTHAsIHHOW pa3psIHON TpyOKe MpaKTU4YeCKH HEBO3MOXHO. Kpome Toro, Kak moka-
3a]M HAIld JKCIIEPUMEHTHI, TPUCYTCTBHE aCUMMETPUHU JHHHUU, OOYCIOBICHHOM
CTOJIKHOBEHHSAMH aTOMOB, IPHUBOJAUT K 3aBUCHMOCTH MOJIOKEHUSI MUHUMYMa MOTII-
HOCTH TIO 4acTOTe OT YPOBHS BO30YKICHHUS pa3psiaa MPH HACTPOMKE YaCTOTHI MO
mpoBaiy JIamba. Taxke HaONMFOMAETCS CABUT YacTOTHI Jlazepa, CTAOMIH3HPOBAHHO-
T'O TPH MTOMOIIH 3€€MaHOBCKOH SYEHKH MOTIIOMICHHUS, TP U3MEHEHUH YPOBHS BO3-
Oy>JIEHUs ¥ MAarHUTHOTO TIOJIS B sueiike [3].

B cBsi3u ¢ 3TMM 00JIBIION MHTEpEC MPEACTaBIseT UCTIOIb30BAHIE TaKUX METO-
JIOB CTaOMIIM3AIINH, B KOTOPBIX BIMSHAEM CTOJKHOBEHHI aTOMOB MOYKHO ITPEHEOPEYb.

* UamepuTenbHas TexHuka. 1968. N2 8. C. 27-29.
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[9] a fortiori cannot be implemented in He—Ne lasers at A= 0.63 um; thus, this tech-
nique is invalid for the case under study.

Due to the overlap of the holes burned by strong field in the Doppler-
broadened Ne line, the absorption at the line center decreases, and this leads to the
formation of a narrow power peak at the absorption line center. This phenomenon
was observed using a laser with an absorption cell inside the cavity. The peak width
was about 25 MHz, a value much smaller than the Lamb dip width. Tuning the laser
frequency to the lasing peak, one can obtain very high frequency stability and re-
producibility. It is noteworthy that an introduction of absorption cell into the cavity
is greatly advantageous for high frequency reproducibility.

Application of very low absorption and, correspondingly, very low ab-
sorbing gas pressures. According to [7], the condition for power peak formation is

3
EFJ 1,
G\ T,
where T, and G are, respectively, the unsaturated absorption and gain of the laser
medium and I'; and I'; are the Lorentzian half-widths in the amplifying and absorb-
ing media. As the calculations and experiments showed, a fairly sharp peak is ob-
served at 7o/Gy = 0.1. Hence, one can use very low absorption, on the order of sev-
eral hundredths of a percent, and thus operate at low (1.33 to 13.3 Pa) pressures. In
this pressure range interatomic collisions are very rare, and the peak width barely
differs from the natural width.

Small shift of absorption line with a change in the Ne pressure in the cell.
Indeed, as follows from the aforesaid, a change in the neon pressure by 1.33 Pa
shifts the line by about 60 kHz. This means the following: to obtain a frequency re-
producibility better than 10, one has to maintain the neon pressure in the absorp-
tion cell with an error of 100 to 200% at operating pressures of 13.3 to 6.7 Pa,
which is easy to realize.

As was shown in [7], due to the shift of the gain line with a change in the he-
lium pressure in the tube, the lasing power peak undergoes a shift, which can be
written as

R [f_j Lla, 0
g\ Q L) p

where f=T,/G,, T,/T,, Q is the detuning necessary for lasing suppression at a

specified excitation level, A is the shift of the gain line due to the change in the he-
lium pressure, and 2 is the frequency corresponding to the maximum peak power;
the other parameters were defined above.

In our experiment the He pressure in the gain tube changed from 133.3 to

266.6 Pa (A~20MHz, Q=120 MHz, T, /T, =0.1, #=0.5,and T, /Q ~ 0.1 Substi-
tuting these values into (1), we find that A; = 120 kHz).
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B macTosmeit paboTe MBI BIIEPBBIC OCYIIECTBHIN HOBBIM METOJ| CTAOMIN3a-
uu yactoTsl He—Ne-na3epa Ha 4 = 0,63 MkM. B ocHOBe MeToza JIGKUT UCIIOIB30-
BaHME I Ieei cradmmm3anui d()PEeKToB HACHIIICHUS MOTJIONICHHSI B TIOJIC CTOS-
4Yeill BOJIHBI, J€TaJbHO PACCMOTPEHHBIX B [7], T€ MBI COOOIIMIN O JOCTHXKEHUHU
BOCIIPOM3BOIMMOCTH 4acToThl 10, 3/1eCh MBI MOAPOGHO ONMKMCHIBAEM MPOBEICHHBIC
AKCTIEpUMEHTHI. OTMETHUM, YTO HOBBIM METOJ CTAOMIM3aIlK OBLI TPEIOKEH TaK-
xe B [8, 9]. Onnako B [9] paccMoTpeH 4acTHBIH ciy4ail cTaOuiIn3alnuy — aBTOCTa-
OwmtM3arys, KOraa UCIOIbh3yeTCs] HACBHIEHNE B JIMHUU TIOTJIOMICHHS B TIOJIE CTOSI-
Yel BOJIHBL YCJIOBUS aBTOCTAOWIM3allMM, KOTOPBIC IMOJIyYEeHBI B 3TOW paboTe,
3aBeIOMO He MOTYT ObITh peann3oBanbl B He—Ne-nmazepe Ha A = 0,63 MKM, 11 MeTOX
HE TIPUMEHUM JIJIs1 CTAaOMITN3AIMK 3TOTO Jia3epa.

M3-3a mepekprITUs MPOBAJIOB, MPOKUTAEMBIX CUJIBHBIM IOJIEM B JOILIEPOB-
CKM YIIMPEHHOW NTWHUHM Ne, MOTJOIIeHWe B LEHTPE JHMHHHA YMEHBIIAETCS, a 3TO
MPUBOJUT K 00PA30BaHMIO B IICHTPE JIMHUU TOTJIOIICHUS Y3KOTO MUKa MOIHOCTH.
Jnis HaOMrOeHUsT YKAa3aHHOTO SIBIICHUS 0Opa30BaHUs MHKa MOITHOCTH HCIOJIB30-
BaJICA JIa3ep ¢ SUEHKOM MOTIIONMIeHUS BHYTpU pe3oHaTopa. lllupuHa muka cocTaBiis-
Ja BENMWYUHY Topsaka 25 MI'1, 94To 3HAYUTENHFHO MEHBIIIE MUPUHBI JIIMOOBCKOTO
mpoBaia. HactpauBas dacToTy na3zepa Ha MakCHMyM TIHKa T€HEpaIii, MOKHO II0-
Jy49UTHh OYCHBb BBICOKHE 3HAYCHUSI CTAOMILHOCTH U BOCIIPOU3BOJIMMOCTH YaCTOTHI.
BaxxHO OTMETHUTBH, UTO BBEACHUE SUCHKHU MOTIOIICHNUS BOBHYTPh PE30HATOPA UMEET
3HAYUTEIBHBIC TPEUMYIIECTBA TPU JTOCTIHKCHHHM BBICOKOW BOCIPOHU3BOJIUMOCTH
YacTOTHI.

Hcnoab3oBaHne 04YeHb MAJbIX NOIJIOLIEHUIA, a CJIeI0BATEJbHO, U 0YeHb
MaJIbIX JaBJIeHU# mnorJyomarwmero rasa. CoracHo [7], ycioBue o0Opa3oBaHuUs

IIMKa MOIIHOCTHU

3
To | Iy

G\ T,

I\

1,

rae To u Gy — HEHACHIIICHHBIC TOTJIONICHUE U YCUJICHHE JIa3epHOU cpensl, 1) u
I, — JMOpeHIIOBHI MOTYIIUPUHBI JIMHUW B YCUJIUTEILHON U MOTJIOMIAONIEH cpeaax.
Kak mokazanu pacyeTbl U 3KCIEPUMEHTHI, JOCTATOYHO PE3KHUI MUK HaOI0aeTCs
pu otHoteHUH 7o/Gy~ 0,1. 3T0 maeT BO3MOXKXHOCTh HCIIOIL30BaTh OYCHH MaJIbIe
MIOTJIONICHHUS, TIOPSIKA COTHIX JOJIeH MPOIEHTA, YTO MO3BOJISIET OCYIIECTBUTH pe-
J)KUM HU3KUX JaBieHud nopsaka 1,33-13,3 H/M>. Ilpu Takux AaBIEHUAX CTOJIKHO-
BEHHsSI MEXTy aTOMaMH OyAyT MPaKTUIECKHA OTCYTCTBOBATh, M IIMPHUHA IMHKA OyaeT
ONPEIEIITHCS €CTECTBEHHON IIIMPUHOM.

Manasi BeJJMYMHA CABMIra JUHUHU MOTJIOIIEHUS NPU U3MEHEHHHU JaBJie-
Hust Ne B siueiike. /[elicCTBUTENBHO, KaK CIEIYET U3 BBIIIECKA3aHHOIO, U3MEHEHHE
JIaBIIeHUS HeoHa Ha 1,33 H/m? CMEIIAET JIMHUIO Ha BenuuuHy nopsaka 60 kl'u. Jto
3HAQYUT, YTO UIS TOJIYUYCHUS BOCIPOU3BOJUMOCTH YACTOTHI, MPEBBIMIAIONICH 107,
HE0O0XOMMO TIOJICPKUBATh JAaBIICHUE HEOHA B IOTJIOUIAIOIICH sSYeHKe ¢ TOorpel-
HOCTBIO, coctapistorneii 100-200% mpu pabouem masmenuu 13,3—6,7 H/M®, uto
SIBJISETCS BIIOJIHE JOCTHXKUMBIM.

Kax Obut0 1MOKa3aHo B [7], MUK MOIIHOCTH TE€HEPAIMH M3-33 CIIBUTA JTWHUH
YCUWJICHHS TIPY M3MEHEHUU JaBIICHUS TEIUS B YCHINTEIHHOU TPyOKEe cMelaeTcs Ha
BETUYIUHY A;, KOTOPAs OMPEACIISETCS CICIYIONTUM BEIPaKEHUEM:
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Thus, one can see that a change in the He pressure in the gain tube in the
above-mentioned limits leads to a small shift of the lasing power peak, and the fre-
quency can easily be reproduced at a level of 10™°.

The above considerations show that the new stabilization method has great
advantages over the known ones and allows one to obtain high long-term stability
and reproducibility of lasing frequency. The purpose of our experiment was to study
the conditions for obtaining a reproducibility of 10™° (rather than stability) for the
He—Ne laser frequency, because the new stabilization method allows one to reach a
frequency stability as high as 10" to 107",

A schematic of the experimental setup is shown in the figure. Three rigid la-
sers were used. The laser cavities were semiconfocal systems formed by spherical
and plane mirrors. The plane mirrors of lasers /, 2, and 3 were mounted on piezo-
electric ceramics P, P,, and P, due to which the cavity length could be changed.
The distance between the mirrors for the absorption-cell laser (/) was 64 cm (the
lengths of the gain-tube discharge gap and the absorption cell were ~24 and =26 cm,
respectively); for lasers 2 and 3, this distance was 36 cm. The absorption cell was
filled with **Ne isotope (percentage 99.9 %) at a pressure of 13.3 Pa, and all gain
(laser) tubes were filled with a mixture of *He and **Ne isotopes. A discharge was
ignited in the absorption cell, and a dc discharge was ignited in the gain tube.

The entire experimental setup was fixed on a massive metal plate, suspended
in air. The ambient temperature was maintained constant with an error of 0.1 K.
Under these conditions, the mechanical and thermal effects were reduced to mini-
mum, and the frequency drift was 2 kHz/sec. The frequency reproducibility for the
absorption-cell He—Ne laser was investigated by measuring the shift of the lasing
peak with respect to the other laser frequency with a change in the Ne pressure in

Laser /
Gain tube _» Necell P

F{HA= — A A I 20 Hz

[ 3]
A T piad— 7D |
| 5G | £=500 Hz

(5 |

Laser 3

é{&«MMJ@PEMH Am | PD |
SG | =500 Hz
PEM|
20 Hz

Oscillogram of the output power of an absorption-cell laser as a function of the laser fre-
quency. The Ne pressure in the cell is 267 Pa and the pressure of the He—Ne mixture in the
gain tube is 200 Pa. The scale is 1 L.s. = 34.8 MHz. The peaks are spaced by 230 MHz
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2 2
0-A(L ) (L) L (1)
IB Q rl ﬂ

A, =
rae = To/Gy; T'1/T; QQ — paccrpoiika, HeoOXoauMas AJisl CphIBa TeHEpalUy MPU
3aJJaHHOM YpOBHE BO30Y>KIEHUS; A — CIBUT JIMHUM YCWJICHHS U3-3a AAaBJICHUS Te-
nust, () — 9acToTa, COOTBETCTBYIOMIAS MMOJIOKEHUI0 MAKCUMyMa MHKa MOIIHOCTH, a
OCTaJIbHBIE BEJTMYUHBI OTIPE/ICIICHBI BBILIE.

B ycrnoBusx Hamiero skcnepuMeHTa AasiieHne He B ycuiurtensHOH TpyOke
MeHsuIoch ot 133,3 10 266,6 H/m? (A=20MI'y, Q=120 MI'y, I /F2 =0,1, £=0,5,
I, / Q= 0,1. Iloacrasnsas 1o 3HavueHue B (1), momyuaem, 4to Az = 120 xI'm).

Takum 00pa3oMm BUAHO, YTO IPU M3MEHEHWH NaBicHHs He B ycHinTenbHOI
TpyOKe B yKa3aHHBIX Tpelesiax BEIMYMHA CMEIICHHS [TMKa MOIITHOCTH TeHEePalluK OKa-
3bIBAETCS] MAJIOM, M BOCIIPOM3BOAUMOCTh YaCTOThI 107 stBisteTCs IETKO JOCTHKUMOIA.

Ha ocHoBaHWM BBINIECKa3aHHOTO CIICAYET, YTO HOBBIM METOJ CTAOWMIM3AIIAN
“MeeT OOJIBIINE MPEUMYIIECTBA MEPe] y)KE WU3BECTHHIMU U TO3BOJIACT TOJIYYHUThH
BBICOKOE 3HAYCHHE JOJTOBPEMEHHOHN CTaOMIBLHOCTH U BOCIIPOM3BOIUMOCTH YacTO-
THI. 1leNbI0 HACTOSIIHUX SKCIIEPUMEHTATBHBIX HCCICIOBAHUN SIBISUIOCH M3yUCHHE
YCJIOBHM, TIPH KOTOPBIX JOCTUTACTCS BOCHIPOU3BOIUMOCTh YacToThl He—Ne-nazepa
10°, a He cTaGMIBHOCTD YAaCTOTHI, TAaK KAk, WCIIOJNB3YSl HOBBIH METOJl CTaOMITN3a-
[IUU, MOXKHO TTOJTYYHUTh CTAOMITBHOCTH YaCTOTHI 1071%-10"'

Cxema 3KCIIepUMEHTAIBHON YCTAaHOBKH MpUBEICHA Ha (urype. Mcrnonb3oBa-
JUCH TPU Ja3epa )KeCTKOW KOHCTPYKIHU. Pe3oHaTops! n1azepoB ObLITH 00pa30BaHbI

Jlazep 1
YceunurenbHas

> E ya pr61<a;/, 2 Suelika Nﬁe 17] 201
[ 5 ]
éz‘ﬂ%&ﬂ]]ﬂﬂ@ayl—ﬂ v F=on]
| 3r | =500 Iy
Jlazep 3 m
AP LN e W By
| 31 | r=500Tu

20I'n

OcuiorpaMma BEIXOIHOM MOLIHOCTH I'eHEpaLliHy Jia3epa ¢ S4YEHKOM IMOrIomeHNs] BHYTPH
pe3oHaTOpa B 3aBHCHMOCTH OT 4acTOThI 1asepa. Japnenue Ne B sueitke 267 H/M”, napnenue
cmecu He—Ne B yennutensHoii Tpy6ke 200 H/m?. Macira6: 1 6.xm. = 34,8 MI'n. Paccros-
Hue Mexy mukamu 230 MI'i
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the absorption cell and He pressure in the gain tube. The reference was either laser 2
or laser 3, which both were stabilized with respect to the gain maximum at the
lasing threshold.

A 500-Hz signal with an amplitude of 0.5 V from a sound-frequency genera-
tor SG was applied to the piezoelectric ceramics P, and P;, which were used to scan
the frequencies of lasers 2 and 3 over the gain line within a 1-MHz band. The
modulation signal from lasers 2 and 3 arrived at the photoelectron multiplier PEM;
amplified selectively in the amplifier Am; and corrected to zero amplitude and
phase, using a phase detector PD and a dc supply (batteries B, and Bs). The latter
procedure corresponded to the lasing frequency tuning to the maximum of the emis-
sion line at the lasing threshold. The error of setting the laser frequency at the
threshold maximum was 0.5 MHz. To check the frequency stability and reproduci-
bility for lasers 2 and 3, their output signals were mixed by auxiliary mirrors at the
PEM photocathode. The beat frequency for these signals was monitored using a
spectrum analyzer 4 or an oscilloscope. As the measurements showed, the error in
maintaining frequency at the threshold peak and reproducibility during the experi-
ment (=5 h) were on the order of 10"

Such a high reproducibility was attained because the pressure of the He—Ne
mixture in lasers 2 and 3 was maintained identical (187 Pa) and constant (with an
error of about 3 %) during the experiment. The pressure in the gas-discharge tube
was maintained constant using large volumes of ballast gas. In addition, all lasers
were connected with a vacuum system, due to which the working mixture could be
changed periodically.

The shift of the lasing peak for laser / with respect to the reference laser fre-
quency, depending on the gas pressure in the gain and absorption tubes, was meas-
ured on an oscilloscope screen as follows. A 20-Hz SG signal was applied at the
piezoelectric ceramic P;, which was used to scan the frequency of laser 2 over the
gain line, and the output power peak was observed on the oscilloscope screen. The
peak position was determined from the oscillograms with an error of no larger than
0.5 MHz. Then the output signal from laser / was mixed by the mirrors with the
output signal from laser 3, which was frequency-stabilized with an error of 107,
and their beat signal was also observed on the oscilloscope. This beat frequency
was used as a reference.

With a change in the helium pressure in the gain tube from 133.3 to 266.6 Pa
and neon pressure in the absorption cell from 6.7 to 13.3 Pa, the power peak of
laser / shifted from the reference value by about 500 kHz, i.e., by 107 of the
frequency.

A similar result was obtained when the frequency of laser 2 (or 3) was tuned
to the power peak of laser / and mixed with the frequency of another laser (3 or 2),
stabilized with respect to the power maximum at the lasing threshold, and their beat
frequency was observed on the spectrum analyzer screen. With a change in the
pressure in laser / in the above-mentioned range the beat frequency changed within
a 500-kHz range.

Currently, based on some improvements, a study aimed at reaching a fre-
quency reproducibility on the order of 10™'° for a He—Ne laser at A =0.63 pum is in
progress.
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ceprUeCKIM U IUIOCKUM 3€pKajlaMi M MPEACTAaBIISLIH TOITYKOH(DOKATBHYIO CHCTE-
my. ITnockue 3epkana nazepoB /, 2, U 3 yKpeIULUIMCh Ha Nbe3okepamukax [1;, 11,
u [1;, 9TO TO3BOJSLIO MEHATH UIMHY pe3oHaTopa. PaccTosHue Mexmy 3epKajamu
IUISL JTa3epa ¢ moryomaroei saeiikoit (s1azep /) Obi10 paBHO 64 cM (IUIMHA pa3psl-
HOTO y4YacTKa YCHIINTEIbHOW TPYOKH W SYEHKHU MOTJIOMICHHUS COCTABIUTN ~24 CM H
~26 CM COOTBETCTBEHHO), a /I Ja3epoB 2 U 3 — 36 cm. Sueiika morjomieHns Ha-
NONHATACH H30TOHOM “'Ne C IpONEHTHBIM cozepxkanueM 99,9 % IpH JaBleHUH
13,3 H/M*, a Bce ycunuTenbHbIe (1a3epHbe) TpyOKkn cMechio u3otonos “He u “*Ne.
B saeiike mormomeHust Bo30yKIancs pa3psll, a B YyCHIATENBHBIX TPyOKax — paz-
PSA TOCTOSTHHOT'O TOKA.

Bcs skcnepuMeHTanbHas yCTaHOBKA YKpEIULSUIACh HA MAcCCHUBHOM MeTauiu-
YeCcKOW TUIMTE, KOTOpas IMOJBEIINBaIack. TeMIeparypa OKpy»Karmeil cpeapl mo-
JepKUBaJIach MOCTOSTHHOM ¢ morpemHocThio 0,1 rpax. B atux ycnoBusx Mexanude-
CKUe U TemnepaTypHbie 3(Q(EKThl ObUIH CBEIICHBI 10 MUHMMYMa U yXOJ YacCTOTHI
coctaBisit 2 k[ 1/cek. BocnponsBomguMocTs yacToThl He—Ne-ma3epa ¢ sueiikoi mo-
TJIOIIEHUS NCCIIEI0BANIACh MTyTEM M3MEpPEHHs CMEIIEHUSI MaKCUMyMa ITHKa MOIIIHO-
CTH TeHepalMi OTHOCHUTENBHO YacTOTHI APYTOTO Jia3epa MpH U3MEHEHUH JaBJIEeHUS
Ne B sueiike noryomieHus 1 AapieHus He B ycunurensHON TpyOKe sa3epa. B kaue-
CTBE pernepa UCMOIB30BANICS OJHH U3 Ja3epoB 2 Wi 3, KAKABIH U3 KOTOPBIX CTa0H-
JU3UPOBAJICS 110 MAKCUMYMY yCHJICHHS Ha TIOPOTe TeHEePaIHH.

Ot reneparopa 3ByKoBOM 4acToThl 3/ momaBancs curuai ¢ yacroroit 500 I'u
u ammuurygou 0,5 B Ha neezokepamuku /1, u I1;, npy NOMOUIM KOTOPBIX YaCTOTHI
na3zepoB 2 U 3 CKaHUPOBAIWCH 110 JIMHUHM YCHJICHHUS B IpeJeNax MOJOCH IHPHHON
1 MI'u. C BbIxosa j1a3epoB 2 U 3 CUTHAT MOIYJISIMH MOMaa)l Ha ()OTOYMHOXKHUTEIb
@DV, u3bupatensHo ycuiauBajics B ycunutene ¥ u mo ¢a3zoBomy aetektopy DL
TIPU TIOMOIIIM UCTOYHUKA MTOCTOSHHOTO ToKa (OaTtapen b, b3) KOPPEKTHPOBAICS Ha
HYJIb aMIUTATYIbl U (a3bl, 9TO COOTBETCTBOBAIO HACTPOWKE YAaCTOTHI Jlazepa Ha
BEpUIMHY JIMHUU K3IIy4YCHUs] Ha Topore reHepauuu. [lorpemHocTs, ¢ KOTOPOH Mbl
BBICTABJISUIM YacCTOTY Jia3epa Ha MOPOTOBBIM MakcUMyM, coctasisuia 0,5 MI'n. Jlns
MIPOBEPKHU CTAOMILHOCTH M BOCIIPOM3BOJUMOCTH YaCTOTHI Ja3epoB 2 U 3, BHIXOIBI
MX CMEUIMBAIUCH TOCPEICTBOM BCIIOMOTAaTeIbHBIX 3epkal Ha (orokarompe DIYV.
Yacrora OueHMi MeXay HUMH HaONIONadach Ha aHAIN3aTOpe CHeKTpa A Wil Oc-
mwutorpade. Kak mokazann u3MepeHHs, MOTPEUTHOCTh TMOAJEPKAHUS YacCTOTHI
Ha TIOPOrOBOM MaKCHUMyMe€ W BOCIPOM3BOJUMOCTH B TEUEHHME OHKCIEpUMEHTa
(=5 4acoB) COCTABIIANN BeTMUMHY mopsiaka 107,

Taxas 6oJbIIas BOCIIPOU3BOANMOCTG ObLiIa TOCTUTHYTA OJarofaps ToMy, 4T0O
B Jlazepax 2 u 3 ngaBieHue cMecu He—Ne nmoanepkuBajioch OAMHAKOBBIM 187 H/m?
Y TIOCTOSIHHBIM C TIOTPEITHOCTHIO Topsiaka 3 % 3a Bpemst skcriepumenTa. [loctosH-
CTBO JIaBJICHUS B pa3psgHBIX TPyOKax MOCTHTalloch 3a CUET WCIOIB30BAaHHS 0OJb-
X 0aJuTacTHRIX 00BEMOB Taza. Kpome Toro, Bce na3epbl MOACOSAMHSINCH K BAKY-
YMHOMY TIOCTY, YTO ITO3BOJISIIIO IEPUOINIECKH MEHATH pad0vyI0 CMECh.

CwMernieHre MakcUMyMa IHMKa MOUTHOCTH TeHepaluy Jiazepa / OTHOCUTEIHHO
YaCTOTHI PENEePHOro Jia3epa, B 3aBUCUMOCTH OT JABJICHUS Ta3a B YCHIUTEIBHBIX U
MIOTJIOMIAOIINX TPYOKax, H3MEPSUIOCh Ha dKpaHe ocuuuiorpada ciemxyrommumM odpa-
3oM. Curnan ¢ yactotoit 20 [' ot 3/ ogaBascs Ha Mbe30KepaMuKy [/, Ipu TOMOIITH
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KOTOpOW 4acToTa Jiazepa 2 CKaHMpOBajiach MO JIMHUM YCHJIEHHUS, U Ha JKpaHe OcC-
mwotorpada HaOmoancs KOHTYp NMUKa BBIXOJHOH MouiHocTd. [lojokeHue Mak-
CUMyMa IHKa ONpPEeIoch M0 OCHUIUIOTpaMMaM ¢ TOYHOCTBIO He xyxke 0,5 MI'm.
JHanee BbIXOJ jazepa / cMeIIMBAJICS NMPHU MOMOIIM 3epKajl ¢ BBIXOJOM Jazepa 3,
CTaGHMIIM3HPOBAHHOTO M0 YACTOTE C TIOTPEITHOCTHIO 10, M CHrHAN GHEHMH MexILy
HAMH Taroke HaOmomancs Ha ocuwuiorpade. ITOT CHUTHAN OMEHWA W SBISUICS pe-
[IEPHOM YacCTOTOM OTCUETA.

[Ipn m3MeHeHWM naBieHHWS TelIuWsl B yCHIuTenbHOW TpyOke oT 133,3 no
266,6 H/M® ¥ HeoHa B sUeiKe MOTJIOMIECHHS OT 6,7 o 13,3 H/m? MaKCHUMYM IHKa
MOIIHOCTH Jla3epa [/ CHOBUTANCS OT PEMepHON YacTOTHl Ha BEJIWMYWHY TMOpPsIKa
500 xI'11, 9TO COCTABISAET 10~ gacToThI nazepa.

AHaNOTHUYHBIN pe3yNbTaT ObUI MTOJy4YeH, KOTAa YacToTa OJHOTO U3 J1a3epoB 2
nny 3 HacTpauBajach Ha MaKCUMYyM IMKa MOIIHOCTH Jlazepa / M CMeIIMBajach C
4acToTo! Apyroro jasepa (3 i 2), crabMiIM3UPOBaHHOTO IO MAaKCUMYMY MOLIHO-
CTH Ha TIOpOTe reHepaluy, U Ha SKpaHe aHAIU3aTopa CIIEKTPOB HabJronanach yac-
ToTa OMeHni Mexny HUMHU. [Ipu M3MeHeHWH AaBleHUS B jJa3epe | B yKa3aHHBIX
BBIIIIE [Tpe/eiax 4acToTa OueHuni Mensnack B oomactu 500 x['m.

B Hacrosmiee Bpemst Onaronaps psay yaydlIeHHH BefeTcs: padoTa Mo mojyde-
HHIO BOCIIPOM3BOAMMOCTH 4acToThl He—Ne-nasepa na A = 0,63 mMxm mopsika 107,
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The lowest threshold currents at 300 K have been achieved in AIAs—GaAs in-
jection lasers of the heterojunction type [1-5].

The lowest threshold current densities, reported for epitaxial lasers with two
heterojunctions [1, 2], are (4-5)x10° A/cm* at 300 K. In the case of lasers with one
heterojunction, fabricated by a combination of epitaxial and diffusion methods, the
minimum threshold current density is (6-8)x10° A/ecm” [3-5].

The present paper reports the results of an investigation of and further im-
provements in AlAs—GaAs heterojunction lasers. This investigation resulted in the
lowering of the threshold current density at 300 K to 900—1000 A/cm” and in the re-
alization of continuous laser emission at room temperature.

The heterojunction lasers were prepared by liquid epitaxy. Wide gap n- and
p-type emitters (Al,Ga,_,As solid solutions) were doped with tellurium (5x10'°<n <
< 10" em) and germanium (p = 10" cm ), respectively. These emitters were sepa-
rated by a central narrow-gap active region which consisted of gallium arsenide (or
Al,Ga, ,As solid solutions of compositions close to gallium arsenide), which was
doped with Ge, Si, Zn, or left undoped.

We investigated the role of the wide-gap emitters, the influence of the thick-
ness of the central narrow-gap region on the threshold current density, and the pos-
sibility of laser emission from gallium arsenide doped with Ge or Si amphoteric im-
purities or from undoped n-type GaAs.

The role of the wide-gap emitters was determined by comparing the threshold
current densities of lasers with two heterojunctions with the corresponding current
densities for structures with one heterojunction, all structures being prepared under
identical conditions. The active region in the structures being compared was doped
with germanium (p = 10'® cm ) and its thickness was 2 pum.

Typical threshold current densities for three-layer n—p—p Al,Ga; ,As—GaAs—
Al,Ga;_,As heterostructures were (4-5)x10° A/em® at 300 K (the central active re-
gion in these structures was 2 um thick).

The threshold current densities in the corresponding n—p—p~ Al,Ga,_,As—
GaAs—GaAs heterostructures with a single n—p heterojunction exceeded 100 kA/cm®

# Sov. Phys.-Semicond. 1971. Vol. 4, No. 9. PP. 1573-1575.
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UccnepoBaHme BAMSIHUA NapaMeTpoOB reTepoCTpPyKTypbl
B cucteme AlAs-GaAs Ha NOPOroBbiv TOK J1a3epoB

M noslyyeHue HernpepbiBHOINo peXxMMma reHepaumvm

npy KOMHaTHOM Temnepartype’

X.N. AncpépoB, B.M. AHgpeeB, [.3. Frap6y3os, 10.B. )Xnnses,
E.Il1. Mopo3os, E.J1. MoptHo#, B.I'. Tpogpum

DU3NKO-TEXHNYECKNIN MHCTUTYT UM. A.®. Nodde Akagemmnn Hayk CCCP
MocTtynuno B pegakumio 6 masg 1970 r.

B Hacrosmiee Bpemsi Hambosiee HU3KHE 3HAYCHHS ITOPOTOBBIX TOKOB MPHU
300 K nmeroT HHXEeKIIMOHHBIE Ja3ephl ¢ reTeponepexonamu B cucteme AlAs—GaAs
[1-5].

B snurakcnanbHbIX J1azepax ¢ AByMs retepornepexonami [1,2] HaumeHsIme
3HAYEHHS MUIOTHOCTH IIOPOTOBOTO TOKa cocTaBmsumd (4-5)-10° A/em® mpu 300 K.
B nazepax ¢ ogHMM reTeporepexo1oM, MoJyYeHHBIX COUeTaHNEM SUTAKCHAIEHOTO
u A (Hy3MOHHOTO METOJI0B, MUHMMAJIbHBIE 3HAYEHHs TMOPOTOBBIX TOKOB (6—8)%
x10* A/em® [3-5].

B manHOM cOOOIIEHNN TPUBOIATCS PE3YIbTaThl paOOTHI TI0 UCCIICIOBAHUIO U
JanbHEHIIeMy COBEpIICHCTBOBAHMIO reTepoia3epoB B cucreMe AlAs—GaAs, npu-
BEIIITNE K CHUKEHHIO TOpOoToBEIX TOKOB pH 300 K 1o 3xauenuit 9001000 Alem* u
MOJYYECHHUIO HEMIPEPHIBHOTO peKuMa padOThl P KOMHATHOW TeMIlepaType.

I'ereponazeprl U3roTaBINBAINCH METOIOM KUAKOCTHOW snutakcuu. Lupo-
KO30HHBIE AMUTTEPHI (TBepAble pacTBopbl Al,Ga; ,As) n- U p-THNa JETUPOBAIHCH
cooTercTBeHHO TemmypoM (5-10'<n<10" em”) u repmanmem (p=10" cm”).
3axroueHHas MeXy HUMHU Y3KO30HHAsI CpeqHssl aKTHBHAs 00JIacTh (apCceHus raj-
nst Wik TBepAple pactBopsl Al,Ga; ,As cocTaBa, OJIM3KOT0 K apceHU Ly Tajlins) Jie-
rupoBanack Ge, Si, Zn wim BooOIIe HE JISTHPOBAJIACH.

B pabote uccnenoBaimuch poiib LIMPOKO30HHBIX AIMHUTTEPOB, BIUSIHHUE HA T10-
POTOBBIE TOKH TeTE€POJIa3epOB LIMPHHBI CPeIHEH Y3KO30HHOW 00IacTH, BO3MOXK-
HOCTH BO30Y’KJCHHS T€HEPALMU B apCeHH/IE TaJUTHA, JIETHPOBAHHOM aM(OTEPHBIMH
npumecsimu Ge, Si, U B HejlerupoBaHHOM n-GaAs.

[ BBIACHEHUS POJHM HIMPOKO30OHHBIX 3MHUTTEPOB MPOU3BOAMIIOCH COIOC-
TaBJICHWE 3HAYCHHWH MOPOTOBBIX TOKOB B JIa3epax C ABYMS T'eTepOIEepexoJaMH H
[IOPOTOBBIX TOKOB B CTPYKTypaxX C OJHHMM I'ETEPONEPEXOOM, NPUTOTOBICHHBIX B
UACHTHYHBIX YCIIOBHUAX. AKTHUBHAs 00JacTh B COIOCTABISIEMBIX CTPYKTypax Oblia
nerupopana repmanreM (p = 10" cv ), ee mupuHa cocTaBIIIa 2 MKM.

Juis TpexcinoitHbIX TeTepocTpykTyp n-Al,Ga; As—p-GaAs—p-Al,Ga, ,As npu
TaKOM IMMpUHE CpeqHed OONacCTH THUIUYHBIE 3HAYECHUS ITOPOTOBBIX TOKOB IPH
300 K cocrapnsior 4—5 xkA/cem’,

# ®u3anka n TexHuka nonynposoaHmkos. 1970. T. 4. C. 1826-1829.
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at 300 K. The threshold current densities for n—p—p GaAs—GaAs—Al,Ga, ,As het-
erostructures with a single p—p heterojunction and a heavily dopedn-type region
[n=(3-5)x10" cm™] were 10-14 kA/cm* at 300 K. When the doping level of the
n-type region was reduced, the threshold current density in these structures in-
creased and no laser emission was observed when the carrier density decreased to
n =10" cm™. The emission spectra of such structures exhibited, at 300 K, a shift of
the emission band maximum in the direction of shorter wavelengths. This occurred
at high current densities and was due to hole injection.

These phenomena were not observed in structures with two heterojunctions
and a wide-gap lightly doped n-type emitter. On the contrary, a reduction in the
doping level of the n-type region resulted in some decrease in the threshold current
density. The lowest threshold current densities were obtained for heterostructures in
which the donor concentration in the n-type emitter was Np = 5x10'°-5x10" ¢cm,

The dependence of the threshold current density on the thickness of the cen-
tral active region was investigated for three-layer heterostructures in which the cen-
tral layer was doped with germanium (p = 10" cm™). The Fabry—Perot resonator
length was about 400 um. The threshold current density was deduced from the de-
pendence of the output radiation intensity on the current and was checked by inves-
tigating the output radiation spectra.

It is evident from Fig. 1 that the threshold current density decreased mono-
tonically with diminishing thickness of the central region down to d =0.5 ym; at
this thickness the current densities were 1000 A/cm? (300 K) and 300 A/cm?® (77 K).
The corresponding dependences for the structures with one heterojunction (n—p—p
GaAs—GaAs—Al,Ga; ,As) [3] had a maximum at d =2 um. When the thickness of
the active region in these structures was reduced below 2 um, the threshold current
density increased rapidly because of increasing losses and hole injection.

J, Alem? Ju, Alom®
5.10*F ‘5'103
4-10* H4-10°
3-10*F 43-10°
2-10%+ 42-10°
1-10*+ —41-10°

L L L L L L L L

|
0 1 23 4 5 6 7 8 9 10d,um

Fig. 1. Dependence of the threshold current density on the thickness of the central region in
three-layer heterojunction lasers. 7' (K): 77 (1), 300 (2)
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B cooTBeTCTByOImNX TeTEPOCTPYKTypaX C OIHUM H—p-T€TEPONepexoaoM
n-Aleal,xAsfp-GaAsf]fGaAs moporoBeie Tokum Tmpu 300 K  mpemeimaroT
100 kA/cM®. B reTepocTpykTypax ¢ OmHHM p—p-reTepomepexomom 7n-GaAs—p-
GaAs—p-Al,Ga;_,As TIpH CHIBHO JerHpoOBaHHON n-oGmactu (n=(3-5)10" cm™
noporossie Toku npu 300 K coctapmsior 10—14 kA/cm’. TIpi yMEHbBIICHHH YPOBHS
JIETUPOBAHUS 71-00JIACTH MOPOTOBBIE TOKU B TAKUX CTPYKTYypax BO3pAcTaloT, a MpH
n =10" cMm” renepauus Boobme He HabIIOMACTCA. B CHEKTpaX M3IydeHHS TAKHX
ctpyktyp (300 K) mpoucxonuT caBur MakCHMyMa IIOJIOCHI M3ITy4eHHs] B KOPOTKO-
BOJIHOBYIO 00JIacTh MPU BBICOKHX IUIOTHOCTSIX TOKAa, OOYCJIOBICHHBIH IBIPOYHON
HMHXEKLHEH.

OTmeTnM, 9TO B CTPYKTYpax ¢ IByMs TeTEpPOIEPEeXolaMHi U IUPOKO30HHBIM
c1abo JIETMPOBAHHBIM N-3MHUTTEPOM IOJOOHBIC SBJICHUS HEe Habmomatorcs. Hampo-
THUB, yMCHBIICHHE YPOBHSA JIETUPOBAHUS 71-00JaCTH TPUBOJUT K HEKOTOPOMY
YMEHBIICHHIO TTOPOTOBBIX TOKOB. MUHMMaJIbHBIE 3HAUYEHHS [TOPOTOBBIX TOKOB IIO-
JNYy4eHbl B TETEPOCTPYKTYpax C KOHIEHTpAlUel JOHOPOB B n-3MuTTEpe N, =
=510"-5-10" em.

HccnenoBanne 3aBUCUMOCTH MOPOTOBOTO TOKA OT IIMPHUHBI CpelHEH 001acTH
MIPOBOAMIIOCH Ha TPEXCIIOWHBIX TE€TEPOCTPYKTYpax cO CpeaHel 00IacThio, JETHPO-
BanHoO# repmanmem (p = 10" cm™). (Jimna pesonaropos Pabpu—Ilepo B nccie-
IOyeMbIX mpubopax coctasisiia okoso 400 MkM). 3HaUeHHSI TOPOTOBBIX TOKOB OII-
PEeAeTSIINCH TI0 3aBUCUMOCTH WHTEHCUBHOCTD M3ITyUEHUSI—TOK ¥ KOHTPOJIHPOBAINCH
MO CHEKTPAIBHBIM XapaKTepUCTUKAM H3ITyUYCHHSI.

Kak BuiHO M3 puUCyHKa, TOPOTOBBIE TOKH MOHOTOHHO yOBIBAaIOT MPH yMEHbB-
LIEHUH LIUPHUHBI cpegHeld o0mactu 10 d=0.5 MKM M COCTaBJIAIOT IPH 3TOU TOJIINHE
1000 A/em® (300 K) u 300 A/em® (77 K). OTMeTnM, 9TO COOTBETCTBYIOIINC 3aBHCH-
MOCTH ISl CTPYKTYP € OTHUM rerepornepexoqoM (n-GaAs—p-GaAs—p-Al,Ga; As) [3]

Jrop» Alem? Jrop» Alem?
5-10°F 15-10°
4-10* H4-10°
3-10% 43:10°
2-10°+ +2:10°
1-10%F 41-10°

| |

| I |
0O 1 2 3 4 5 6 7 8 9 10 d Mxm

Puc. 1. 3aBUCHUMOCTD IJIOTHOCTH MOPOTOBOIO TOKA OT IIMPHHBI CPEIHEH 00JIaCTH B TpeX-
cinoitabIx rereponaszepax: 17 =77 K (1), T=300 K (2)
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Table 1. Principal parameters of investigated heterostructures

Batch d, Dopant  |Carrier density| Aviax MVinax Jn Jin TNaite

No. um in central layer| at at at at at
n(p),em> [300K,| 77K, |300K,| 77K, |300K,

eV eV Alem? | Alem? %
1083* 0.8 ND n=10" 1.42 1.505 1500 800 30
1076* 0.7 ND n=10" 1.42 1.505 940 400 20
1075%* 0.5 Ge p=10" 1.407 1.483 1100 295 25
1075 2 Ge p=10" 1.382 1465 4000 1700 25
1021 25 Zn p=10" 1.37 1.47 4200 1000 35
1014 2 Si p~2-10" 1344 1424 10000 5000 10
1028 2 Si p=610" 1.355  1.43 4000 1500 15

* The active region was not specially doped.

** A small increase in /vy, caused by a reduction in the thickness of the central region (samples
1075" and 1075) was evidently due to the formation of Al,Ga;_As in the active region near the in-
terface with the wide-gap n-type emitter. ND denotes that samples were not specially doped.

The only active material currently used in gallium arsenide lasers is p-type
GaAs doped with zinc.

We have already mentioned that a germanium-doped active region can be
used in heterojunction lasers which operate at 300 K and have low threshold current
densities.

The results presented in Table 1 demonstrate that, apart from germanium-
and zinc-doped gallium arsenide, we can use also silicon-doped and undoped n-type
GaAs as the active material in three-layer heterojunction lasers.

When these materials are used in conventional p—n junction devices, laser
emission is either impossible (Si-doped gallium arsenide)' or it is difficalt even at
low temperatures (undoped n-type GaAs [8] and Ge-doped GaAs [9].

The higher injection efficiency and deliberate restriction of the recombination
region in three-layer heterojunction lasers enable these materials to compete suc-
cessfully with the traditional zinc-doped gallium arsenide (Table 1).

We achieved continuous room-temperature laser emission in small-area
(30%250 um active region) samples prepared by the photolithographic technique.
Silvered copper plates were used as the heat conductors. No other measures were
taken to cool these samples or to improve the removal of heat. The minimum cur-
rent at which laser emission was observed was 200 mA.

The authors are deeply grateful to V.M. Tuchkevich for his constant interest
in this investigation, and to E.A. Gamilko, V.P. Antipov, M.K. Trukan, A.N. Er-
makova, and E.A. Abramova for their help in the preparation of the samples and in
the measurements.

! Emission of coherent radiation from optically excited Ge- and Si-doped GaAs films was in-
vestigated recently at 77 K [6, 7].
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Tabéauua 1. OCHOBHBIE TapaMeTPhI HCCIIEIOBAHHBIX T€TEPOCTPYKTYP

Ne d, Tun KonueHTparust| Aviax MV imax Jnop Jnop | Mgy
MapTUX | MKM |JIETUpYIOIEeH| Hocurenei npu npu npu npu npu
00pasIoB MIpUMecH BcpemeM | 300K, | 77K, [300K,| 77K, [300K,

coe n (p),cM | oB 5B Alem® | Alem® | %
1083* 0.8 HII n=10" 1.42 1.505 1500 800 30
1076* 0.7 HJI n=10" 1.42 1.505 940 400 20
1075%* 0.5 Ge p=10" 1.407 1.483 1100 295 25
1075 2 Ge p=10" 1382 1465 4000 1700 25
1021 2.5 Zn p=10" 137 147 4200 1000 35
1014 2 Si p~2-10" 1344 1424 10000 5000 10
1028 2 Si p=610" 1.355 143 4000 1500 15

*  AxTuBHas 0051aCThb MPEAHAMEPEHHO HE JICTUPOBAJIACh.

** HeOonplioe yBenWIeHUE /i Vi, IPH YMEHBIICHUH LIMPHHBI cpenHei obmactu (oOpasuer 1075 u
1075), oueBuaHO, cBsi3aHo ¢ oOpa3oBanueM Al,Ga; ,As B aKTUBHOW 00JIACTH BOJIU3U TPAHUIIBI C
IIMPOKO30HHEIM /-IMUTTEPOM.

HNMEIOT BHJI KPUBBIX C MUHUMYMOM IIpH d = 2 MKM. IIpu muprHe akTHBHOH obiac-
TH, MEHBIIEH 2 MKM, B TaKHX CTPYKTypax HaOIIOJaeTcs pe3Koe BO3pacTaHue Io-
POTOBBIX TOKOB, 00YCIIOBJICHHOE YBEJIMYCHUEM TOTEPh U TOSBICHHEM JIBIPOYHOM
WH)KEKLUH.

OOBIYHO B apCEHUA-TAIUTMEBBIX Jla3epax OCHOBHBIM M €IWHCTBEHHBIM MaTe-
pHaoM aKTHBHOMW oOnacTu siBisgeTcst p-GaAs, JeTHPOBaHHBIN LIHHKOM.

Brime yxe roBOpmIIOCH O TONYyYEHHH HHU3KOIOPOTOBOM TEHEepaluu IpH
300 K B reTepoiiazepax ¢ akTHBHOM 00JIaCTHIO, JIETHPOBAHHOM repMaHuEM.

Kax BuaHO M3 MaHHBIX, MPUBENEHHBIX B TabIHIlEe, KPOME apCeHH]A TaJuIns,
JIETHPOBAHHOTO TepMaHUEM M IIMHKOM, B KauecTBE aKTHBHOM 00JacTu Tpexcioi-
HBIX TETEepOjIa3epoB MOTYT OBITh YCIEIIHO HCIONb30BaHbI apCCHU[ TajlUIus, JIETH-
POBaHHBIN KpeMHHEM, a TAK)Ke HEJIETHPOBAHHBIN 71-GaAs.

[TosydyeHue KOTEPEHTHOrO H3ITy4YeHHsS B TaKHMX MaTepuaiax B Jlazepax ¢
OOBIYHBIM p—A-TIEPEXOJOM WM BOOOIIE HEBO3MOXKHO (apCeHU TaJIHA, JETHPO-
BaHHBIH Si)', TG0 BCTpeuaeT 3HAUMTENBHBIE TPYIHOCTH NaXKe IIPH TOHHKEHHBIX
TeMneparypax (HenerupoBaHHbIN n-GaAs [8], GaAs, neruposanssiii Ge [9]). Ilo-
BhIIeHNE 3(PPEKTUBHOCTH MHXKEKLUMHU M MpeJHAMEPEHHOE OrpaHHYeHUE 00JacTu
PEKOMOMHAIIMK B TPEXCIIOMHBIX TeTepoja3epax MO3BOJIIOT 3TUM MaTepHajiaM yc-
MEITHO KOHKYPHPOBATH C TPAJAUIMOHHBIM apCEHUIOM TaJUTHsl, JIETUPOBAHHBIM IIUH-
KOM (CM. TabmuIy).

HenpeprIBHBIH pexXuM TeHepaliy Ipyu KOMHATHOW TeMIlepaType Obul Hoy-
YeH Ha oOpasnax Majoi IUION[aA{, W3TOTOBIEHHBIX C MOMOIIBIO (oTomuTorpadu-
yeckoil TexHukH. (Pazmepsl aktuBHON oOnactu 30%250 Mxm). TemnooTBogamMu Ciry-
XKHUJIM MEIHbIE TTocepeOpeHHbIe TNACTHHBI. HUKaKUX Ipyrux Mep Al OXJIaXACHUS

! KorepeHTHOe u3nyyeHue npu 77 K B cnosix GaAs, nermposaHHoro Ge u Si, npu onTuue-
CKOM B030YyXAeHUM uccnenoBaHo HeaaBHo B paboTax [6, 7].
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W YJIYYIICHUS TEMJI00TBOIA HE MPEeNPUHIMAIOCh. MUHUMATBHBIA TOK, MPH KOTO-
poM HabroaICs mepexo 1 K reHepanuu, coctaBisut 200 MA.
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Laser operating in the vacuum region of the spectrum
by excitation of liquid xenon with an electron beam?
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The use of condensed noble elements (Xe, Kr, Ar, Ne, He) for lasing in the
region of the vacuum ultraviolet was proposed and discussed in [1, 2]. The devel-
opment of a laser using condensed inert gases is made easier by the feasibility of re-
alizing a four-level scheme [3].

In earlier experiments on the excitation of condensed noble gases (Xe, Kr,
Ar) and their mixtures by means of fast electrons, the results were the luminescence
spectra and estimates of the luminescence efficiency, and indications of weak
stimulated emission of liquid xenon at ~1760 A [3-5]. These experiments were per-
formed without mirrors and at low excitation density (the maximum current density

was 25 Alem?).
Intensity, rel. un. We describe here experiments aimed
at producing lasing in liquid xenon in the
vacuum region of the spectrum by excitation
with a powerful beam of fast electrons (elec-
tron current density up to 200 A/cm?).

The emission spectrum of liquid xe-
non is shown in Fig. 1 for two values of the
pump current density (the dashed curve
shows for comparison the form of the spec-
trum at a low excitation density). At electron
current densities higher than 100 A/cm’

the intensity of the 1760 A line increases
T NEES strongly, and the half-width of the line

L reaches 20 A, which is close to the spec-
1700 1800 1900 4ometer resolution (17 A), whereas the half-

Wavelength, A width of the same line at low excitation den-
Fig.1. Emission spectrum of liquid xe- ity is 80 A.
non: [/ — pump current density
150 A/em’, 2 — 70 A/em’, 3 — emis-
sion spectrum at low excitation den-

The emission lines against the back-
ground of a broad line with half-width 150 A
sity. The resolution of the monochro- at wavelengths 1715, 178.5 ’ and 1815 A cor-
mator is shown in the upper right-hand respond possibly to transitions from the ex-
corner cited levels of the molecule Xe,("’Z;,)to

#JETP Lett. 1970. Vol. 12. PP. 329-331.
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KBaHTOBbIW reHepaTop B BaKyyMHOM 06,1acTn cnekTtpa
Npyn Bo36y>KAEHNMN XXNMAKOIr0o KCEHOHA 3/1IEKTPOHHbIM NMyYKOM®

H.Ir. bacos, B.A. JannnsbiyeB, FO.M. lNonos, A4.4. XoakeBny

dusnyecknin MHCTUTYT uM. IN.H. Jlebepesa Akagemumm Hayk CCCP
MocTynuno B peagakumio 16 oktabps 1970 r.

B paborax [1, 2] ObL1O MPEAsIONKEHO U 00CYKICHO MCIIOJIb30BAHUE ISl TCHE-
pamu B 00JacTH BaKyyMHOTO yibTpaduoieTa KOHJEHCHPOBAHHBIX OJaropoIHBIX
anemeHToB (Xe, Kr, Ar, Ne, He). Co3nganne nazepa Ha KOHACHCHPOBAHHBIX WHEPT-
HBIX Ta3ax 00JIETYeHO BO3MOXKHOCTBIO PEATU3alMU YETHIPEXYPOBHEBOM CXEMBI [3].

B mpoBeneHHBIX paHee SKCIIEPUMEHTaX MO BO30YXKIECHUIO KOHJCHCHPOBAH-
HBIX OJaropoHbix razoB (Xe, Kr, Ar) m ux cmeceit OBICTPBIMH 3JICKTPOHAMH OBLITH
MOJIyYEHBI CIIEKTPBI JIOMUHECIICHIIUU, OllcHeHA 3(h()EKTUBHOCTh JIFOMHUHECICHIHH
1 ObUTO OOHApPYXEHO claboe MHIYIIMPOBAHHOE HM3IIyYEHHUE >KUJIKOTO KCEHOHA Ha
anuHe BoHEL ~1760 A [3—5]. DT dKcrepuMeHTHI OBUIH BBIONHEHBI 6€3 3epKai U
Py MaJjod IUIOTHOCTH BO30YXAEHHWS (MaKCHMajbHas ILJIOTHOCTh 3JEKTPOHHOIO
TOKa cocTaBisuia 25 A/em?).

B Hamieit paGoTe ONMUCHIBAIOTCS DKC-
MEPUMEHTHI IO TOJIYYCHHIO T€HEepalluu Ha
KUJIKOM KCEHOHE B BaKyyMHOW 00JlacTH
CHEeKTpa Ipu BO30YKICHUU MOIIHBIM (TLIOT-
HOCTb TOKa 31IeKTPOHOB 710 200 A/cM?) myu-
KOM OBICTPBIX 3JIEKTPOHOB.

CrekTp M3JIy4eHUs KHUAKOTO KCEHO-
Ha JUTSL IBYX 3HAYCHHH [UTOTHOCTH TOKA Ha- 3
Kayk{ TOKa3zaH Ha puc. | (i cpaBHEHHS
MyHKTUPOM TIOKa3aH BUJ CIEKTpa MPU Ma-
JIoW MI0THOCTH BO30YxneHus). [lpu miot-
HOCTSIX TOKa dJIeKTpoHOB Gomee 100 A/em® 1|
MHTeHCHBHOCT HUK 1760 A cunbHO BO3- .
pacrtaer, mpu 3TOM TMOJNYIIMPUHA JHHUW -7

VHTEeHCHBHOCTD, OTH. €],

’ S
|

nocturaer 20 A, uro Gmu3ko K paspere-
umo crektpomerpa (17 A), Torma xak mo-
JyIIUpUHA HTOW K€ JMHUU IPU MaJIOH
IJIOTHOCTH BO30yxkaeHus coctanser 80 A.

Jluann n3nydenus Ha GoHE MHUPOKOH
OJIOCK! ¢ momymupuHoi 150 A Ha mmuHax
BonH 1715, 1785 u 1815 A Bo3MOXHO co-
OTBETCTBYIOT TEpexojaM ¢ BO30YKIESHHBIX

* Mucbma B XIT®. 1970. T. 12. C. 473-474.

1700

1800

1900

Jnuna Bomsbl, A
Puc. 1. Cnexktp wm3iydeHHS KHIKOTO
KCEHOHA: / — MJIOTHOCTh TOKH HaKaYKH
150 A/em’, 2 — IUIOTHOCTb TOKa
Hakauku 70 A/cm?, 3 — CIeKTp H31y-
YEeHUs] IPU MaJIOW IUIOTHOCTH BO30YXK-
neHusi. PaspemieHne MoHOXpomaropa
MI0Ka3aHO B BEPXHEM IIPABOM YTITy
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the ground level. At current densities higher than 100 A/cm?, a bright spot appeared
on a luminescent screen on which the radiation was projected. The beam divergence
estimated from the dimensions of this spot on the screen was approximately 7°. The
dependence of the radiation intensity of the 1760 A line on the excitation density
makes it possible to estimate the threshold current density, 30-60 A/cm’.

The radiation was registered with a VM-1 monochromator with a 1200 line/mm
grating. Besides recording the spectra, we registered the radiation also with the aid
of a vacuum photodiode with high time resolution. The waveform and duration of
this radiation pulse agreed with the waveform and duration of the electron-current
pulse (A7~ 10 ns).

We used semitransparent aluminum mirrors sputtered on lithium-fluoride
substrates and coated with a protective layer of magnesium fluoride. The mirror
transmission at 1700 A was 1-2 %, and the reflection coefficient was 50-60 %. The
equivalent absorption coefficient due to the mirrors in the resonator was thus
0.5cm .

The electron source was a pulsed electron gun yielding electron current den-
sities up to 300 A/cm” at energy up to 1 MeV and current-pulse durations 10 ns.

The use of other noble gases [3—5] in the condensed state makes it apparently
possible to obtain stimulated emission in a wide band, up to 600-800 A.

The authors are grateful to A.G. Molchanov for a discussion of the results,
and to I.E. Kovsh and O.M. Kerimov for help with the experiments.
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YPOBHEN MOJIEKYJIBI Xez(”Zlg) Ha ocHOBHOH. IIpM TJIOTHOCTSIX TOKa BBIIIE

100 A/cM® Ha TIOMHHECLIGHTHOM SKpaHe, Ha KOTOpbIil MPOEKTHPOBANOCH M3Tyde-
HUE, TOABISIIOCH CBETIIOE TMATHO. PacXxoauMoCTh W3MydeH s, OlleHeHHAs 110 pa3Me-
paM 3TOro IMsATHA Ha 3KpaHe, COCTaBHJIA MPUMEPHO 7°. 3aBUCHMOCTh HHTECHCHBHO-
cTU u3mydeHus muHUM 1760 A 0T muoTHOCTH BO3OY’KIEHMS MO3BONSET OLEHHTH
TIOPOTOBYIO TIIOTHOCTh TOKa 30—60 A/cm’.

Perucrpanust u3nydeHus npou3BoANIaCh C IOMOILBIO MOHOXpoMaTropa BM-1
¢ pemetkoii 1200 mrpux/mMMm. KpoMe 3ammcy CrieKTpOB OCYIIECTBISIIACH TAKKE pe-
TUCTpanus W3IY4YeHHsS C TOMOIIBI0 BaKyyMHOTO (DOTOAMOIa C BBICOKMM BpEMEH-
HbIM paspemeHueM. ®opMa U IIUTETBHOCTh UMITYJIbCA U3ITYYEHHS COOTBETCTBOBA-
1 popMe U AMUTENBHOCTH UMITYJIbCa 3JIEKTPOHHOTO ToKa (A7~ 10 Heek),

B kauecTBe 3epkan NpUMEHSUTUCH MOIYIPO3pAYHbIE AIFOMUHUEBBIE 3€pKaa,
HaIbIJICHHBIE HA MOMJIOKKY U3 (PTOPHCTOTO JINTHS M TOKPBITHIEC 3aIUTHBIM CIIOEM
dropucroro maruus. [Iporyckanue 3epkai Ha qauHe BomHbl 1700 A cocrapmsno 1—
2 %, a xo3pdunuent orpaxenuss 50—60 %. Takum 00pa3oM, SKBUBAJICHTHBIN KO-
3(GUIUEHT MOTIOMEHHs, BHOCHMbIIT 3epKaiaMi B Pe30HATOp cocTaBmsut 0,5 cM .

HcTouyHNKOM 3JEKTPOHOB CIY)KWIIAa 3JEKTPOHHAS HMMITYJIbCHAS MYINKa, I0-
3BOJIAIOMAS MONYYaTh IIIOTHOCTh HIEKTPOHHOTO ToKa 10 300 A/cM * IpH SHEpruu
10 1 MaB ¢ anuTenbHOCTBIO TOKOBOTO uMITyibea 10 Heek.

[Ipumenenue apyrux OnaropofHbIX ra3zoB [3—5] B KOHAEHCHPOBAHHOM CO-
CTOSIHUH, MO-BUJMMOMY, TO3BOJIMT BBIHY)K/IEHHOE M3JIy4€HHE B IIHPOKOM JHara-
30HE JUIMH BOJIH, BILTOTH 10 600—800 A.

ABTOpHI BhIpaXatoT OmaromaprocTh A.I'. MomdaHoBy 3a oOcyxIeHHE pe-
3yabraroB, a Takxke M.b. Kooy m O.M. KepuMoBy 3a mMoMOIIbs NpH MPOBEACHUH
9KCIIEPUMEHTOB.
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A heating of a laser rod by pump light, nonuniform over the rod cross sec-
tion, forms a thermal lens, thus deforming the laser cavity [1, 2].

Thermal deformations affect significantly the output laser characteristics. A
fundamental characteristic of glass lasers is the possibility of removing or decreas-
ing significantly the thermal strains in the cavity by fitting the glass composition
[2]. In [3] we proposed an approach to this problem and determined the range of
values of the thermo-optical constant I of glasses (][] < 10x107" 1/°C) correspond-
ing to minimum thermal strains. This approach was experimentally verified in [4],
where we reported the measured thermal strains for some glasses with different
positive thermo-optical constants.

In this paper we present the results of studying the glasses with both positive
and negative thermo-optical constants; this choice implies a wide range of variation
in the glass composition (Table 1). We measured the focal lengths of the thermal
lenses formed under periodic pumping of laser rods. Round rods 20%x260 mm in size
were pumped by an IFP-5000 xenon lamp with a frequency of 0.1 Hz; the average
pump power was 250 W. A cylindrical block from LK-318 glass with a reflecting
coating was used as an illuminating element. The rod and lamp were cooled by con-

Table 1

Glass w-107, 1/°C | p107, 1/°C n a-107, 1/°C f.m
GLS-1 45.0 -4.0 1.53 92 8.0
KGSS-3 22.0 -33.0 1.54 102 14.0
Silicate 17.2 -42.0 1.55 108 27.0
Silicate 12.5 —48.0 1.55 110 46.0
Borophosphate LGS-41 6.6 -52.0 1.52 112 68.0
Silicate LGS-44 6.4 — 1.53 — 44.0
Silicate 24 — 1.56 — >100
Phosphate LGS-40 -16.0 -72.0 1.51 110 -33.0
Phosphate -30.0 — 1.51 — -11.5

Note: GLS-1 and KGSS-3 are commercial silicate glasses; the others are experimental samples.

# Sov. Phys.-Dokl. 1973. Vol. 17. P. 682.
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N3MeHeHne 3HaKa TenJ1I0BoM JINH3bI
CTEKJISHHbIX J1a3epPHbIX CTEP)KHEN
npu M3MEeHEeHUN TEPMOONTUYECKON NOCTOAHHOW cTekna’

M.M. By6HoB, U.M. By>knHcknii, E.M. AnaHoB, C.K. MamoHOB,
J1.1. MuxaiinoBa, A.M. lNMpoxopoB

dusmnyecknin MHCTUTYT UM, N.H. Jlebenesa Akagemmn Hayk CCCP
MocTtynuno B pegakuuto 3 anpens 1972 r.

W3BecTHO, 4TO HEOJHOPOAHBIN MO CEYEHUIO HArpeB Ja3epHOI'0 CTEPXKHS CBeE-
TOM HaKa4yKH MPUBOJUT K 00pa30BaHUIO TEIIOBOH JIMH3BI, YTO O03HAaYaeT Aedopma-
uuto pezonaropa OKT [1, 2].

Tepmudeckue nehopManuy OKa3bIBAIOT CHIIBHOE BO3CHCTBUE HA BHIXOIHBIC
XapaKkTEepPUCTUKH Jiazepa. B ciydae na3epoB Ha CTEKIe UMEETCsl MPUHLIWIHAIbHAS
BO3MOXHOCTh ITOZ0OPOM COCTaBa CTEKJAa HW30aBUTHCS WJIN CYLIECTBEHHO yMEHb-
IUTh TepMUUeckue Aedopmanmu pezonatopa [2]. B pabore [3] Obl1 mpeanoxeH
MOJXOJ K PEIICHUIO ATOH 3afayl U ONpeAeiieH MHTepBall 3HAUCHUH TEPMOOIITHYE-
cKoif mocTostHHOi W crexon (|] < 10-107 1/°C), 11 KOTOPOTO TEPMHYECKHE Jc-
q)OpMaHI/II/I JOJIZKHBI 61)ITI) MHUHUMAJIbHBIMH. 9KCHCpI/IMeHTaHBHI)IM MOATBCPIKACHU-
€M J3TOro MoAxoAa sBWIach pabora [4], B KOTOpOH NpHUBENCHBI H3MEPECHHBIC
aBTOpaMH TCPMHUYCCKUEC I[e(i)OpMaIlI/II/I IJid pdgaa CTCKOJI € pPa3jIMYHbIMHU I1OJIOXKHU-
TENbHBIMHU 3HAYSHUSIMH TEPMOONTUYECKOI TOCTOSHHOM.

B nacrosimeli paboTe ONMMCHIBAIOTCA PE3yNbTaThl H3YUEHHSI CTEKOJ KakK C I0-
JIOXKUTECJIbHBIMU, TaK U OTPULATCIIbHBIMU 3HAYCHUAMU TCpMOOHTH‘ICCKOﬁ IIOCTOSAH-
HOM, 4TO COOTBETCTBYET IINPOKOMY AMAIa30HY M3MEHEHHUSI COCTABOB CTEKOJ (CM.
Ta61. 1). beun u3Mepens! PokycHBIE pacCTOSHUS TETJIOBOM JIMH3BI, 00pa3yrommeics

Tadauna 1

Crekio w107, 1/°C | p107, 1/°C n o107, 1/°C fim
I'Jic-1 45,0 -4.,0 1,53 92 8,0
KI'CC-3 22,0 -33,0 1,54 102 14,0
CunukaTHoOe 17,2 -42.0 1,55 108 27,0
CunukaTHoe 12,5 -48.0 1,55 110 46,0
Bopdocdarnoe JII'C-41 6,6 -52,0 1,52 112 68,0
Cunukatroe JII'C-44 6,4 — 1,53 — 44,0
CunukarHoe 2,4 — 1,56 — >100
®docdarnoe JIT'C-40 -16,0 -72,0 1,51 110 -33,0
®doctartHOE -30,0 — 1,51 — -11,5

Ipumeuanue. Crexna I'JIC-1 u KI'CC-3 cepuiiHble CUIMKATHBIE, OCTAIbHBIE — OIBITHBIE.

# Noknaabl AH CCCP. 1972. T. 205, N2 3. C. 556-559.
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tinuous-flow water. Under these conditions, a steady-state temperature distribution
in the rods was established after approximately 30 pump pulses.

The focal length of thermal lens was measured by the autocollimation
method [5]. A rod under study (in the illuminating system) was placed between the
plane mirror and the autocollimator objective. We measured the tube defocusing A,
which is caused by the thermal lens formation in the rod under pumping; the A
value changes the sign with a change in the sign of the lens under study. The focal
length of the thermal lens was determined from the formula

f=F/A,

where F is the focal length of the autocollimator objective.

To prevent the formation of a cavity at the wavelength 4 =1.06 um by the
plane mirror and rod end face (this cavity would induce lasing and complicate the
experiment), we used a dielectric with a maximum reflection at the wavelength
A=0.69 pum for the plane mirror. Therefore, the measured focal lengths correspond
to this wavelength.

The data obtained are presented in Table 1 and Fig. 1. The thermo-optical
constant W of glasses for the wavelength A = 0.63 pum is plotted on the abscissa axis,
and the optical lens strength (in diopters D) is plotted on the ordinate axis (Fig. 1).
This plot demonstrates that, with a decrease in the thermo-optical constant, the
thermal lens strength decreases and changes the sign at some W values. Note that
there is a clear correlation between the lens strength and glass thermo-optical con-
stant for the glasses with a significantly different composition (silicate, borophos-
phate, phosphate glasses).

To explain this dependence f{¥), we will consider the mechanisms leading to
the thermal lens formation. The key factor is the change in the refractive index
An(r), nonuniformly distributed over the rod cross section, in the presence of tem-
perature gradient 7(r). It was verified experimentally that the rod face bending dur-
ing lens formation can be neglected; this result is in agreement with the data in the
literature (see, for example, [6]). According to [1],

0,15 200[
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0.10- 100 1Y,
[
005 f
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IIpY NEPUOINYECKON HaKayke JIa3epHBIX cTep)kHeH. Kpyribele cTepxHH pa3mMepoM
20%260 nakaumBanuch KceHoHoBou Jammoi UDII-5000 ¢ gactoroit 0,1 I't, cpen-
HsIg MOIIHOCTHL Hakauku 250 BT. B kauecTBe OCBEeTHTEIS MCIIOJIb30BAJICS ITUINHI-
puueckuii 610k u3 crekia JIK-318 ¢ oTpakaromuyM MOKPHITHEM Ha €0 HOBEPXHO-
cti. OXJIaKJIeHHE CTEP)KHSI U JIaMITIbl MPOU3BOJUIOCH MPOTOYHOM BOJION. B »THX
YCIOBHUSIX CTAI[MOHAPHOE paclpezesieHHe TeMIIEpPaTyphl B CTEP)KHAX YCTaHABIINBA-
JIOCH MpUMepHO mocie 30 UMITyTECOB HAKAYKH.

Uzmepenne (hoKyCcHOro paccTOSIHUS TETJIOBOW JIMH3bI IPOU3BOIMIOCH aBTO-
KOJUTMMAIIMOHHEIM MeTonoM [5]. Mcciemyemsplii cTep>keHb (B OCBETHUTENIE) TIOMeE-
mIajcs MeXIy IUIOCKUM 3€pKajioM U 0OBEKTHBOM aBTOKOJLIMMaTopa. M3mMepsnach
BEIMYMHA JeQOKYyCHPOBKU TpyObl A, 00ycioBieHHas 0Opa3oBaHHUEM TEIUIOBOU
JIMH3BI IPU HAKauyKe CTEPXHSA, [IPU 5TOM BEIMYMHA A MEHSET 3HAaK IPU U3MEHEHUH
3HaKa uccienyemoi JinH3bl. DOKyCHOE pacCTOSHHUE TEMIOBOM JIMH3bI ONPEIEISIOCh
o opmyIe

[=F/A,
rne Fp — ¢pokycHoe paccTosiHiEe 00BEKTHBA aBTOKOJITUMATOPA.

Jns npexotBparenust 00pazoBaHus pe3oHaTopa Ha BomHY A = 1,06 MKM MIOCKUM
3€PKaJIOM M TOPLOM CTEP’KHSI, YTO MPUBENO OBl K PAa3BUTHIO TEHEPALIMU U YCIIOXKHE-
HUIO 3KCIIEpUMEHTa, B KayecTBE IJIOCKOTO 3epKajia MCIIOJIb30BAJIOCh TUAJIEKTpUYe-
CKO€ 3epKaJio ¢ MaKCHMAJIBHBIM OTpakeHHeM Ha BoiHe A=0,69 mxm. CrnemoBarenb-
HO, U3MEPEHHBIE 3Ha4€HUs (POKYCHBIX PACCTOSHUN OTHOCATCA K 9TOH JUINHE BOJIHBI.

[Tomydennsie ganHbie mpuBeneHsl B Tabn. 1 u Ha puc. 1. Ilo ocu abcumee
(puc. 1) oToXeHbI 3HaUEHUS TEPMOOIITHYECKOM MOCTOSHHON W cTeKOd A ATUHBI
BOoJIHEI A = (0,63 MKM, a 10 OCH OpAWHAT — 3HAYEHUS ONTHYECKOHN CHJIBI JIMH3HI (B
muontpusix D). 13 rpaduka BUAHO, YTO TIO Mepe YMEHBIICHUSI TEPMOOIITHUECKON
IIOCTOSIHHOM CHJIA TEIUIOBOM JIMH3bI YMEHBINAETCS U IIPU HEKOTOPBIX 3HAYEHUAX W
MeHseT 3HakK. [loguepKkHeM, YTO TMOJIydeHHas 4eTKas KOpPEsALUs MEXIy CHION
JIMH3BI U TEPMOOITHYECKON ITOCTOSHHON CTEKJIa MMEET MECTO Ul CTEKOJI, CHIIBHO
OTJIMYAIOIIMXCS TI0 COCTaBy (CHIIMKaTHBIC, OopdochaTHOE, PochaTHbIE).
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Anr (I") =n, (I") — Ny = ﬂAT(I") - Bllo-rr - BJ_ (0-499 t0., )a

1
A}’le(l”) Zne(f')_no :ﬂAT(r)_BHGQ%’ _BL(O-rr +O—zz) ( )

for the radial (n,) and tangential (ny) components of light polarization, respectively.
Here, = dn/dT, o;; is the temperature stress tensor, B and B, are photoelastic con-
stants, and AT(r) is the temperature variation at the point .

To calculate the change in the refractive index over the rod cross section, the
dependence 7(r) must be known. We assume the heat release in the rod to be uni-
form. Then, upon intense symmetric cooling, a parabolic temperature distribution is
established in the rod [7]. We are interested in the relative temperature distribution
over the rod cross section:

T(r)=T(1-rr), 2)

where T\ =}, Ayry /K is the temperature difference between the rod axis and surface,

Ay is the heat release rate per unit volume, and K is the glass thermal conductivity.

Let us estimate 7 from the measured focal length of the thermal lens as fol-
lows. For a section of a lens-like axially symmetric medium of length /, with a re-
fractive index changing according to the law

n=ny(1-2r*b*), (3)

f= b/ (2;10 sin2[l)j. ()

Having substituted the o; components, expressed in terms of the temperature gradi-
ent 7(r), into (1) [1], we can rewrite (1) in the form (3) and thus express the parame-
ter b in terms of 7;. Then, substituting the measured values of the focal length of the
thermal lens into (4) and solving the equation obtained, we find 7). According to
the calculation, 7} = 5°C.

With the temperature distribution 7(r) is known, one can calculate the contri-
butions of different terms in Eq. (1) to the change in the refractive index. The calcu-
lation was performed for glasses GLS-1, KGSS-3, and LGS-40 with the following
parameters: (GLS-1) f=-4x10"1/°C, a=92x10"1/°C, E=7.5x10 kg/cm’,
v=0.229, B =1x10"cm’/kg, and B, =3.6x107 cm’/kg; (KGSS-3) p=
=-33x1071/°C, a=102x1071/°C, E=6.5x10"kg/cm’, v=0.247, Bj=
=1.6x10"7 cm*/kg, and B, =4.0x10"" cm*/kg; and (LGS-40) #=-72x10"1/°C, o=
=110x107" 1/°C.

Since the mechanical properties of glass LGS-40 are unknown, the estimation
was performed in this case using the corresponding parameters of the typical com-
mercial phosphate glass FK-1: E = 6.8x10° kg/cm®, v=0.230, B, = 1.6x10’ cm*/kg,
and B, =4.0x10" cm’/kg. The calculation results are shown in Fig. 2 (curves /-3
for GLS-1, KGSS-3, and LGS-40, respectively). The radial dependences of the
changes in the refractive index due to (a) the stress arising in the rod and (b) the
change in the rod temperature at zero stress are shown by dashed lines. The solid

the focal length is [8]
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s oObsiIcCHeHUsT TakoW 3aBUCUMOCTH f(W) paccMOTPUM MEXaHU3MBI, MPH-
BOAsIIIME K 00pa30BaHMIO JIMH3bI. OCHOBHBIM SBJISICTCS HEOAHOPOIHOE 110 CEUCHHUIO
CTEpKHS HM3MEHEHHUE TOKa3aTeNls MpelomiieHus An(r) Opu HATIUYUH TpagucHTa
Temreparypsl 7(r). DKCIEpUMEHTANBHO OBLIO TPOBEPEHO, YTO M3THOOM TOPIIOB
pu 00pa30BaHUM JIMH3BI MOXKHO TPEHEOpeUb, YTO COTJIACYETCS C JIUTePaTypPHBIMH
TaHHBIMHA (CM., HapuMmep, [6]). CormachHo [1],

Anr(r) = ”r(’”)_”o :ﬂAT(r)_BHGrr _BJ_(GHH +O_zz):

1
An@(r):nﬂ(r)_nO:ﬁAT(r)_BHO-HH_BJ_(UW+O_zz) ( )

COOTBETCTBECHHO JIA paﬂHaHBHOﬁ n, n TaHI‘eHHHaJ’IBHOﬁ Ny KOMIIOHCHT I10JIApH3a-
uu cBeta. 31ech S = dn/dT, o; — TeH30p TeMIepaTypHbBIX HanpsbkeHul, B, B, —
¢doroynpyrue nocrosiHabie, AT(r) — U3MEHEHHE TeMIepaTyphbl B TOUKE 7.

Jns pacuera M3MEHEHUs IOKA3aTeNsl MPEJIOMIICHHUS [0 CEYEHHUIO CTEPXKHS He-
oboxomumo 3HaTh 1(7). Ilpearmonoxnm, 4To UMEET MECTO PaBHOMEPHOE TeTIOBhIJIe-
JICHUC BHYTPU CTCPIKHA. Toma IIpyu UHTCHCUBHOM CHUMMETPHUYHOM OXJIAXKIACHUHN B
CTep>KHE yCTaHaBIMBaeTCs Mapabonuueckoe pacipeneneHue temneparypst [7]. Hac
MHTEPECYeT OTHOCHTEIBHOE PACTIPEACIICHUE TEMITEPATyPhI 10 CEUSHHUIO CTEPKHS

T(r)=T(1-r/1), 2

e 1 =Y, Ayt /K — pa3HOCTh TeMIIEpaTyp Ha OCH ¥ Ha TIOBEPXHOCTH CTEPKHs, Ag—

CKOPOCTb BbIJIEJIEHHSI TeIlJIa B eANHUIIE 00beMa, K — TEIUIONPOBOIHOCTh CTEKIIA.

Onenum T} 1m0 M3MEPEHHOH BeMMYMHE (OKYCHOTO PACCTOSHHS TEIIOBOU
JIMH3BI CIEeLYIOMUM IyTeM. /i ceKumu IMH301m0100HOH OCECUMMETPUYHON CPEIbI
JUIMHOM / ¢ I3MEHEHHEM ITOKa3aTessl IPEJIOMIICHHSI 110 3aKOHY

n=ny,(1-2r*b*) (3)

f=b/(2n0 sin2ll)j. @)

[loncraBuB B (1) BeIpaskeHHA 0;; uepe3 rpagueHT Temneparypsl 7(r) [1], MoxHO me-
penucath (1) B popme (3), uTo mo3BoMIsAET BBIpa3uTh mapametp b uyepes 7. Torna,
noJIcTaBysist B (4) M3MepeHHbIe 3HAaYeHUS (DOKYCHOTO PACCTOSHUSI TETJIOBOH JIMH3BI
U pellas MOJlyYUBLIEECs YPAaBHEHUE, MOKHO HailTu 7). Beluucienus nokasblBaroT,
yro T} =5°C.

3Hag pacmpezeneHue Temreparypsl 7(r), MOXHO paccuyuTaTh BKJIAIbl pas-
JIUYHBIX WICHOB ypaBHeHMs (1) B M3MEHEHMEe IOKazaTens npernomiieHus. Pacuer
npousBoauiics st crekon [JIC-1, KI'CC-3 u JII'C-40. [qns pacyeTa HUCHOIb30Ba-
JNHCh cremyompe napamerpsl crekor. IJIC-1: f=-4-10"71/°C, a=92-10"1/°C,
E=17,510kr/eM®, v=0,229, B;=1-10" cm’/kr, B, =3,6:10" cm’/kr; KI'CC-3:
p=-331071/C, a=102-1071/°C, E=6,510"«kr/eM’, v=0,247, Bj=
=1,6:107 em’/kr, B, =4,0-107 em?/kr; JITC-40: f=-72:10"7 1/°C, a =110-10" 1/°C.

Mexanunueckue cBoiictBa crekia JII'C-40 Hen3BECTHBI, MTO3TOMY ISl OIICHKH
B3STHI COOTBETCTBYIOLHE NTapaMeTPbl THIMYHOTO (POC(ATHOrO MPOMBILIIIEHHOT'O CTEK-

(dhoxycHoe paccTosiaEE 8]
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lines present the radial dependence of the total change in the refractive index, de-
scribed by Egs. (1). To simplify the figure, we showed the change in the refractive
index averaged over two polarizations.

The thermal lens formation is shown clearly in Fig. 2. Under periodic pump-
ing the stress arising in a rod leads to the formation of a positive lens, whereas a
temperature change in the refractive index produces a negative lens (at negative
values). The total effect depends mainly on the relation between f§ and the glass
photoelastic constants.

It is noteworthy that the An values described by the curves (b) change signifi-
cantly from glass to glass, and this change exceeds the corresponding variation in
An described by the curves (a) by an order of magnitude. The reason is that the pho-
toelastic constants of glasses vary only slightly even when the glass composition
changes considerably, whereas the f value is very sensitive to the composition.
Therefore, the change in the thermal lens strength and its sign with a change in the
glass composition is actually due only to the change in 5. Using formulas (1), (3),
and (4), one can easily show that, with the n, a, E, v, B), , and B, values and the
temperature gradient 7(r) identical for all glasses, the optical lens strength D de-
pends linearly on f and on W= a(n—1)+f in a wide range of 8 values. The devia-
tion of the experimentally obtained dependence D(W) from linear is explained by
small variations in the above-mentioned parameters from glass to glass and by dif-
ferent heat release in glasses. The latter circumstance is due to the difference in the
spectral-luminescence characteristics of the glasses studied.

We are grateful to S.I. Kurgachev for his help in the experiments.
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na ®K-1: E=6,8-10° kr/em’, v= 0,230, B, = 1,6:10 " em’/kr, B, = 4,0-10" cm’/xr. Pe-
3yJbTaThl pacueTa npuseneHsl Ha puc. 2 ([JIC-1 (1) , KI'CC-3 (2) u JIT'C-40 (3)).
HITpuxoBbIle KpUBBIE IOKA3bIBAIOT PAAUAIBHYIO 3aBUCUMOCTh MU3MEHEHUS IIOKa3aTe-
JIs TIPEJIOMJICHHS BCIIC/ICTBHE BO3HUKAIOIINX B CTEpIKHE HaNpspKeHHH (a) ¥ BCIeCT-
BUE U3MEHEHUS TEMIEPATyPhl CTEPXKHS MIPU HYJIEBBIX HampsokeHusx (6). CIutomHble
KpHBbIE N300paXA0T PaJualbHYIO0 3aBUCHMOCTH IOJHOTO M3MEHEHHS IOKa3aTelis
MIpEeNOMIIEHHSI, ONTMChIBaeMyI0 ypaBHeHUsIMH (1). UTOOBI HEe TeperpysxaTh PpHCYHOK,
3[IeCh MPUBEACHBI CPEAHUE MO IBYM NOJSPU3ALMAM 3HAUCHHUS W3MEHEHUS MOKa3a-
TeJIsl IPETOMIICHUSI.

Puc. 2 HarnsagHO WILTFOCTPUpPYET 00pa3oBaHKE TEIUIOBOM JMH3BI. BuaHO, 9TO
MPU NEPUOJIMUECKON HAKauKe CTEPIKHsSI BO3HUKAIOIINE B HEM HAINPSDKEHHS MTPHBO-
ISIT K 00pa30BaHUIO MOJIOKUTEIBHOM JIMH3EI, B TO BPEMsI KaK TeMIIEpaTypHOE U3Me-
HEHME MOKa3aTellsl NPEeIoMIICHHS IIPUBOAUT K 00pa30BaHUIO OTPULIATENILHOM JIMH3BI
(pu OTpHUILIATENHHBIX 3HAYEHUSX f) U 4TO CyMMapHBIH 3((EKT 3aBUCUT, B OCHOB-
HOM, OT COOTHOILECHHUSI MEXY BEIHYMHON £ M 3HAUCHUSMHU (POTOYNPYTHX MOCTOSH-
HBIX CTEKJIA.

BaxxHo oTMETHTH 37€Ch, UYTO BENWYHHBI A7, ONMCHIBaeMble KPUBBIMHU (0),
CHJIBHO U3MEHSIOTCS MPU Mepexo/ie OT CTEKNIa K CTEKIY U 3TO U3MEHEHHE Ha Mopsi-
JIOK TIPEBOCXOAUT COOTBETCTBYIOLIEE U3MEHEHHE BETUYMH An, ONUCHIBAEMBIX KpPH-
BBIMH (@). DTO OOBICHSIETCS TEM, YTO (POTOYIIPYTHE MOCTOSHHBIE CTEKOJ MEHSIOTCS
HE3HAYUTEIBHO Ja)Ke MPU CHIIBHOM M3MEHEHHH COCTaBa CTEKJA, B TO BpEMs Kak
BEJIMYHHA ff OUYeHb YyBCTBHUTENbHA K COCTaBY. [103TOMy M3MEHEHNE CHIIBI TEIIOBOM
JIMH3BI U €€ 3HaKa IPU W3MEHEHUH COCTaBa CTEKJa NMPAKTUYECKH MPOMCXOIMT 3a
CYeT U3MEHEHHS TOJIBKO BeIHUUHBI . JIerko mokasath ¢ nmomoisio hopmyi (1), (3)
u (4), uro ecmu n, a, E, v, B, B, u rpagueHT Ttemnepatypsl () OIWHAKOBBI IS
BCEX CTEKOJI, TO JUIS IIUPOKOTO WHTEpBaJla 3HAUYCHU f onThieckas cuia JTUH3bI D
JUHEHHO 3aBHCUT OT S u oT W=a(n—1)+p. OTKIOHEHHE SKCIIEPHUMEHTAIEHO
nosrydeHHo! 3aBucuMoctu D(W) ot nuHeitHOH 00BscCHAeTCS HeOONbIINMHU BapHa-
[MUSMH YKa3aHHBIX MapaMeTPOB OT CTEKJIA K CTEKITY, a TAKXKe Pa3InNYHbIM TETIOBHI-
neneHueM B cTeksax. IlocnenHee 0OOCTOSTENBCTBO CBSA3aHO C HEOAMHAKOBBIMH
CHEKTPAILHO-TIOMUHECLICHTHBIMH XapaKTEPUCTUKAMH UCCIIETyEMBIX CTEKOJ.

ABTOpBI BhIpaxkatoT Onarogapaocts C.M. KypraueBy 3a momolup B SKCHepH-
MEHTaX.
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In stimulated Mandel’shtam—Brillouin scattering (SMBS) the back-scattered
light propagates usually in the same solid angle as the exciting radiation [1]. It has
never been ascertained whether this fact is connected only with the geometry of the
experiment or whether it has a deeper meaning. To answer this question, we have
compared the wave fronts of the reflected and exciting light.

The experimental setup is shown in Fig. 1. The wave front of the ruby-laser
radiation is distorted by the plate P, made by etching polished glass in fluoric acid.
The laser beam has a divergence 0.14%1.3 mrad. The divergence of the light passing
through the plate is 3.5 mrad. This light enters a hollow glass light pipe of square
cross section, placed in a cell with methane gas'.

Since the radiation is incident on the light-pipe walls at glancing angles, the
coefficient of Fresnel reflection from them is close to unity. This ensures constancy
of the pump intensity along the cell. To prevent lasing, the cell windows are in-
clined 45°.

1 H (\ [ —
I |_| U [ —
D | P L C

Fig. 1. Experimental setup: D — diaphragm (6x6 mm); P — plate 1.3 mm thick, with surface
roughnesses ~150 pm high and ~1 pm deep (see [2] concerning the optical properties of such a
plate), distance between plate and diaphragm 10 cm; L — lens of 10 cm diameter and focal
length 10 cm; C — cell with light pipe; cell length 96 cm, light pipe length 94 cm, cross sec-
tion 4x4 mm; C; and C, — systems for the measurement of the parameters of the laser and re-
flected light

# JETP Lett. 1972. Vol. 15. PP. 109-112.
! The methane is at room temperature and 125 atm pressure. Under these conditions, the
gain due to the SMBS is approximately 0.09 cm/MW and the gain line width is ~20 MHz [3].
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O cBSi3n MeXAy BOJIHOBbIMM (PpOHTaMM OTPaAXKEHHOro
M BO36y>aaroLlero cBetTa npmv BbIHY>XIEHHOM pPacCcesiHUM
Manpenbwrtama-BpunniosHa’

b.51. 3enbnoBny, B.U. NMonosnyes, B.B. Parysbcknii,
@.C. Paiizynnos

dusmnyecknin MHCTUTYT UM, N.H. Jlebenesa Akagemmn Hayk CCCP
MocTtynuno B pegakumio 6 aHeaps 1972 r.

[Ipu BeIHYXOeHHOM paccesHuu Mannensimtama—bpmmosaa (BPMB) ceer,
paccesHHBIN Ha3ad, PacHpOCTPaHSIETCS OOBIYHO B TOM JK€ TEIECHOM YTIIE, UYTO U
BO30yKaaromee u3nydenue, cM. [1]. Jlo cux mop He MCCIIe0BajoCh, CBSI3aH JIH
3TOT (haKT JIHMIIE C TEOMETPHUEH OMBITa WM OH MMeEeT 0ojiee TIIYOOKYIO MPHUPOIY.
JlJis BBISICHEHHUSI 3TOT'0 BONPOCA MBI CPABHWIM BOJIHOBBIC (DPOHTHI OTPAKECHHOTO H
BO30YIKIAOIIETO CBETA.

Cxema dKCIiepUMEHTa ToKazaHa Ha puc. 1. BomHOBOH QpoHT u3myuyeHHs ia-
3epa Ha pyOMHE HMCKAXXKAaeTCsl C MOMOINBIO TUIACTUHBI [/, W3TOTOBIEHHOHN ITyTeM
TpaBICHUS MOJUPOBAHHOTO CTEKJIa B IUIABUKOBOM KucioTe. JlazepHoe M3IydeHHe
umeeT pacxogumocth 0,14x%1,3 Mpaa. PacxoauMocTh cBeTa, MPOIIEAIIETO Yepe3
IJIACTUHY, COCTAaBJAET 3,5 Mpall. DTOT CBET MOMAJACT B MOJBIA CTEKIISTHHBINA CBETO-
BOJ KBAJPATHOIO CEUECHHS, MOMEIICHHBI B KIOBETY C Ta3000pa3HBIM METAHOM .
Tak xak U3ITydeHHE TaaeT Ha CTEHKH CBETOBOJA IO CKOJIB3SIINME yTiIaMu, pe-
HEJNEeBCKUI k03D PULIMEHT OTpaskeHUs OT HUX OJU30K K eauHwuile. biaromaps atomy

I (
1/ 1 U VS
| Ja

Puc. 1. Cxema sKCrIepUMEHTANBbHON ycTaHOBKH: D — nmuadparma 6x6 mm; /1 — TmacTuHa
TONIIMHON 1,3 MM, HEPOBHOCTH Ha TIOBEPXHOCTH IIJIACTUHBI UIMEIOT pa3Mepbl ~150 MKM U Ty-
O6uny ~1 MkM (00 ONTHYECKHX CBOMCTBAaxX MOMOOHBIX IUIACTUH CM. [2]), pacCTOsHHE MEXIy
rutactiHOM M muadparmoit 10 em; JI — nmuH3a quamerpom 10 cM ¢ GOKYCHBIM paccTOsSTHHEM
100 cm; K — KroBeTa cO CBETOBOJIOM; JUITMHA KIOBETHI 96 cM; /UIMHA CBeTOBOJA 94 cM, cede-
Hue 4x4 mm; Cy u C, — cucTeMbl U3MEPEHHSI TapaMeTPOB JIA3EPHOTO U OTPAKEHHOTO CBETA

* MucbMa B XITD. 1972. T. 15, Bbin. 3. C. 160-164.

! MeTaH HaxoAWTCA Mpy KOMHATHOM TeMnepaTtype noj AasrfeHueM 125 atm. Mpu 3Tux ycno-
BUSAX KO3(PuUMEHT ycuneHmnsa 3a cdet BPMB =0.09 cM/MBT, a wupuHa NUHUU yCUNIEHUS
=20 Mly [3].
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The plate P is illuminated by a beam of
rectangular cross section, shaped by dia-
phragm D. Large-aperture lens L pro-
duces an image of the illuminated region
at the entrance to the light pipe, the size
of the image being equal to the dimen-
sion of the entrance aperture of the light
pipe. As a result, the entire laser radia-
Fig. 2. Spectrograms of exciting (left) and  tjon, registered by the measuring system
scattered (right) radlatl(?n. The dlsger51(3111 of C), enters the light pipe after passing
the Fabry—Perot etalon is 3.33x10™ cm through the plate P and the lens. The sys-

tem C, registers the reflected light, which
also passes through the lens and the plate.

The ruby laser operates on one axial mode, and its radiation at the entrance to
the cell has a maximum power ~1.3 MW at a pulse duration at half-height ~110 ns.
The laser is decoupled from the cell by an optical isolator built around on a Faraday
cell.

The spectrum of the reflected line reveals one line (Fig. 2), the shift of which
relative to the laser-emission line corresponds to scattering through 180°.

The photograph of Fig. 3a shows the distribution of the laser radiation in the
far zone. The photograph of the far zone of the reflected radiation is shown in
Fig. 3h. We see that the reflected radiation, after passing through the plate P, has
practically the same divergence as the laser light. This is also confirmed by the fact
that the ratio of the intensities determined by processing the negatives 35 and 3a is
equal to the value of the reflection coefficient (~25 %) obtained from calorimetric
measurements.

A different picture is observed if the cell with methane is replaces by a flat
mirror (see Fig. 3¢). In this case the divergence of the reflected light greatly exceeds
the divergence of the laser emission and equals 6.5 mrad.

Passage through the etched plate makes the coherent-light beam highly in-
homogeneous in its cross section, owing to interference between the waves travel-
ing in different directions [2]. To determine the influence of these inhomogeneities
on the SMBS process, we photographed the far zone of the reflected light in the ab-
sence of the plate (Fig. 3d). In this case the divergence of the scattered radiation
greatly exceeds that of the exciting light.

The experimentally observed “correction” of the wave front of the backscat-
tered radiation, effected with the same phase plate that had distorted the initial laser
wave, can be explained if it can be demonstrated that the scattered field (signal)
E(r,, z) in the plane z=2z, coincides (apart from a factor) with the complex-

conjugate laser field E;(r,,z):
E((r,,zy) ~ const E,(r,,2,). (1)

The plane z = z is perpendicular here to the average direction of the beam and is lo-
cated near the plate on the side of the scattering cell. We present semiquantitative
arguments favoring satisfaction of (1).
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o0ecreunBaeTcs IMOCTOSHCTBO WHTEH-
CHUBHOCTH HAaKa4yK{ IO JUIMHE KIOBETHI
Jis mpenynpexacHusl TeHepalid OKHa
KIOBETHI CKOIIIEHKI Ha yroi 45°.

Ilmactuna [/ ocBemaercss IMy4YKOM
MIPSIMOYTOJIBHOTO CedeHusi, chopMHUPOBaH-
HBIM 1uadparmoii /. C OMOLIBIO JTMH3BI
JI ¢ Oonpuiol amepTypoil H300pakeHue
OCBEIIIEHHOW O0JaCTH CTPOWTCS Ha BXOJE
CBETOBOJZA, MPHUYEM BEIIMYMHA H300pake-
HHUS paBHa pa3Mepy BXOIHOTO OTBEPCTHUS
cBeToBOa. biraromaps sToMy Bce azepHoe
W3Jy4YeHHe, PETUCTPUPYEMOE U3MEPHUTEITh-
Holt cucteMoit Cj, mpoinas miacTuHy // M nuH3y, nonagaeT B cBeToBoi. Cucrema G,
PETUCTPUPYET OTPAXKEHHBIH CBET, TAKXKE MPOIIC/IINI Yepe3 JINH3Y U ILIaCTHHY.

PyOuHOBBII nazep paboTaeT Ha OJHON OCEBOH MOJIE, €r0 M3Iy4YeHHUE Ha BXO-
JI¢ B KIOBETY MMEET MaKCHUMaJIbHY MOIIHOCTH ~1,3 MBT npu JIUTEIbHOCTH UM-
myJbca Mo moayBsicoTe ~110 Heek. Pa3Bsizka Mexay J1a3epoM U KIOBETOU OCYIIeCT-
BIISIETCSI C IOMOIIBIO ONTHYECKOTO U30JISITOpa Ha OCHOBE stueiiku Dapasest.

B crnekTpe oTpa)keHHOTO CBeTa HaOIIOJAeTCs OJHA JIMHUA (pHUC. 2), CMelle-
HUE KOTOPOW OTHOCHTEIHHO JIMHHWH JIA3EPHOTO M3IyYeHHUS COOTBETCTBYET pacces-
Huro Ha 180°.

Ha ¢ororpadun puc. 3a mokazaHo pacrpeelieHrne Ja3epHOTO M3ITyueHHs B
naneHel 30He. DoTorpadust nanbHEW 30HBI OTPAKESHHOTO U3ITYUYCHUS MTPUBEICHA Ha
puc. 36. Kak BuIHO, OTpaXeHHOE M3Iy4YeHHE, MPOUS IIacTUHy /1, UMeeT IpakTu-
YECKH Ty k€ PacXOIUMOCTh, YTO M Ja3ePHBIA CBET. DTO MOATBEPKIACTCS TaKXKe
COBIIQJICHHEM OTHOIICHHS WHTCHCHUBHOCTEH, ONpECICHHBIX TP 00paboTKe Hera-
TUBOB 36 U 3a, ¢ BenmnunHOMN ko3¢ duimenTa orpakeHus (~25 %), noayueHHON u3
KaJIOpUMETPUIECKHUX H3MEPEHUH.

Wnas kapTrHa HaOMIOAETCs, €CTIM 3aMEHUTh KIOBETY C METaHOM Ha TTOCKOE
3epkaiio (cM. puc. 36). B aTom ciydae pacXoauMOCTh OTPasKEHHOTO CBETa HAMHOTO
MIPEBBIIIAET PACXOAUMOCTH JIA3EPHOTO U3ITYUCHUS U COCTABIIAET 6,5 Mpa.

[Ty4ok KOTepeHTHOTo CBeTa, MPOUICAIINI Yepe3 TPaBICHYIO IUIACTUHY, NPH
JabHEHIIIeM pacpoCTPaHEHWH CTAHOBUTCS CHIIBHO HEOJHOPOIHBIM IO TOMeped-
HOMY CEUCHMIO 33 CueT MHTep(EpPEeHIIMH BOJH, UAYIIUX B Pa3HBIX HAMPABJICHUSIX
[2]. Ans BBISICHEHWs BIMSHUS 3THX HEOJHOPOAHOCTeH Ha mpouecc BPMB Obura
coTtorpadupoBaHa JaNbHSS 30HA OTPAKEHHOTO CBETA MPHU OTCYTCTBHUU ILTACTHHBI
(puc. 32). B aTtoMm cimyuyae pacXxoJUMOCTh PAacCESHHOTO MOJY4YEeHHs CYIIECTBEHHO
MPEBOCXOJNUT PACXOIAUMOCTH BO30YKIAIOIIETO CBETA.

OO0HapyXeHHOE Ha JKCICPUMEHTE «HCIIPABIICHUE» BOJHOBOTO ()POHTA pac-
CESTHHOTO Ha3aJ U3ITyYeHUs C MOMOIIbIO TOH e (Da30BOil IIIaCTUHEI, KOTOpas MCKa-
3WJIa UCXOAHYIO JIA3€PHYIO BOJHY, MOKHO OOBSCHHUTD, €CIH yIACTCA T0Ka3aTh, U4TO
paccesiaHoe ToJie (curHan) Ey(r,, z) B IIIOCKOCTH Z = Zj COBITAIaeT (C TOYHOCTHIO 70

Puc. 2. CriektporpamMMbl BO30YKIarOILIETO
(cmeBa) W paccessHHOTO (CIpaBa) U3ITyde-
Hust. Obnactes aucriepcun stanona Gadbpu—
Iepo 3,33-10 2 cm !

.
MHOXKHTEIS) ¢ KOMIUIEKCHO-COTIPSDKEHHBIM JIa3epHBIM TolieM E, (7, 2):

E(r,,zy) ~ const E; (1., z,). (1
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Fig. 3. Photographs of the distribution in the far zone: a — laser radiation, » — scattered ra-
diation, ¢ — light reflected by a flat mirror, d — scattered light in the absence of plate P.
The photographs were obtained by the procedure of [4]

It is easy to show that the dependence of the gain and of the reactive com-
ponent of the nonlinear polarizability on the scattering angle € can be neglected
when @ is varied in the experiment from 0 to 3x10°. Therefore the propagation of
the signal wave Ey(r,, z) =e **
parabolic equation

&(71, z) in the (—z) direction can be described by the

oe

S

i 1
+—A e +—g(r,2)e =0, 2
oz 2k, 18 2g(J_ ) (2)
where the gain g(r,, z) is determined, by virtue of the foregoing, simply by the local
value of the intensity of the laser field, g(r., z) = A|E;(r., z)]". The most important
aspect of the analysis is that the laser field E,(r,,z)=e"“g,(r,,z) satisfies (if we
neglect the terms with gain) an equation that is the complex conjugate of (2),
og; i

-—A =0 3

oz 2k o ®)

(it can be shown that the small difference between the coefficients k;' and k' of the

transverse Laplacian can be disregarded). Let us consider a system of functions
filri,2),i=0,1, 2, ..., satisfying the orthogonality relation at the section z = zy and the
equation that describes the propagation of the complex conjugate field of the laser:

* of, i
Ifz (”J_:Zo)fi(rj_vzo)drj_zé‘g/; ai'i'—AJ_fl-:O. 4
z 2k
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1 mpag

Puc. 3. ®ororpaduu pacnpesneneHus B JaTbHEH 30HE: @ — JIA3€PHOTO M3IyYEHHS; 6 —
pacCcessHHOIO M3JIyYeHUs; 6 — CBETa OTPAKEHHOT'O IUIOCKHM 3€pPKalioM; 2 — PacCesHHOTO
CBETa MPH OTCYTCTBHUH IUTACTHHEI /1. @oTorpadun MOIyIeHBI 10 METOAUKE PaboThI [4]

31ech MIOCKOCTh Z = zj MEPIEHANKYJIAPHA CPeJHEMY HAIIPaBICHUIO ITyyKa U pac-
MOJIOEHa BOJIHM3H TUIACTHHBI CO CTOPOHBI paccenBarolie KroBeThl. [IpuBeneM mo-
JTYKOJIMYECTBEHHBIE COOOpaKEHUsI U TIOJIb3Y BHIMOIHEHUS (1).

Herpyano nmokaszarsh, 4TO 3aBHCUMOCTBIO OT yTJia paccestHus & BETUYHUHBI KO-
3¢ dHULreHTa YCUIEHHUS U PEaKTUBHOM COCTABIIAIONIEH HETHMHEHHOH MOspU3yeMo-

CTH TIPH M3MEHEHHH 6 B dKCHepHUMEHTATbHBIX npesenax 0 < 7— 8 < 3-10° MoxHO

il

npeneGpeun. [10aTOMy pacnpocTpaHenue BoHbl curhana Ey(r1, z) =e *ey(ry, z) B

HaIpaBIeHUH (—z) MOYKHO OIHCHIBATH MAapa0OIMIeCKUM ypaBHEHHEM
o,

i 1
S+ —A & +— ,2)& =0, 2
5 op 2g(n z) )

S

rae ko3hdunrenT ycuieHus g(71, z) B CHIy CKa3aHHOTO BBIIIE, ONPEAEISACTCS IPo-
CTO JIOKAbHBIM 3HAYCHHEM HHTEHCHBHOCTH MO nasepa: g(ri,z)=A|E.(r., z)-
HauOonee cymiecTBeHHBI MyHKT pacCCMOTPEHUS] COCTOMT B TOM, YTO IIOJIE JIa3epa
E,(r,,z)=e""¢,(r,,z) ynoBaeTBopser (B NpeHEOPEKEHHH YICHAMHU C YCHICHHEM)
YpaBHEHUIO, KOMITJIEKCHO COTIPsDKEHHOMY K (2),

og, i

-—A g =0 3
oz 2k, 16 (3)

(MOKHO MOKa3aTh, YTO Maloe pasandue kod(durmentos k;' u k' mpu monepeu-

HOM JIaluTacMaHe MOXKHO HE YUYHMThIBaTh). PaccMoTpum cucremy dyHkuui f; (v, z),
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Then the orthogonality relation will hold at any section z = const. We choose a func-
tion f;(r ,z) that coincides with the laser field: &,(r,,z) = Bf,(r,,z), and the re-
maining functions f;'(r,,z), i=1,2, .., are chosen arbitrarily, starting from the or-
thogonality condition (4). We represent the signal field in the form of an expansion

6= Y G f1(.2), )

and obtain for the coefficients C;(z)
2 s G ) =0 ©)
gu(2)=AB* [dr | fy(r,2)[ £ (1,2) £ (71, 2). (7)

We shall not investigate in detail the properties of the solutions of the system
(6)—(7) (this should be the subject of a separate communication), and note only the
following. If the diffraction of the laser field leads to appreciable oscillations of the
quantity |fo(r., z)]* over the cross section (this is precisely the situation in the ex-
periment), the diagonal coefficient gyo(z) which can be arbitrarily called the gain of
the zeroth function) exceeds by 2-3 times the gains g; of the remaining functions
and the values of the off-diagonal coefficients |go/, |gil, i, & # 0. It is therefore likely
that the amplitude Cy(z) will increase most rapidly, and this will yield the required
relation (1).

We note also that if the exciting radiation has an amplitude profile that is
constant over the cross section | f(r., z)|* = const, then there should be no preferred
production of the complex-conjugate laser-front by the signal. This agrees qualita-
tively with the result of the experiment without the etched plate.

The authors thank N.G. Basov for interest in the work and V.I. Kovalev for
help with the experiments.
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i=0, 1, 2, ..., yIOBIETBOPSIONIUX COOTHOIICHHUIO OPTOTOHAIBHOCTH B CEUCHUU
Z =Zzy ¥ TOMY K€ YPaBHEHHUIO, KOTOPOE OMKCHIBAET PACIPOCTPAHEHUE KOMILIEKCHO-
COMPSKEHHOTO TT0JIS J1a3epa:

. of i
[£ e femdn = L la -0 @)
z 2k

Torma cooTHOIIEHNE OPTOTOHAIBHOCTH OYZEeT UMETh MECTO B JIIOOOM CEYEeHUU z =
= const. Beibepem dynkmmio f; (7 ,z) coBmamaromei ¢ moieMm nazepa: &,(r,,z) =
= Bf, (r,,z), a ocTanbuble GyHKUHN f, (r,,z), i=1,2, ..., BHIOEPEM MPOM3BOJIBHO,

UCXOAS M3 ycioBHs oproroHanbHocTH (4). [lpexcrtaBisis mosie curHaiga B Buuae
pa3noKeHus

6= Y G fi(r.2), )

it kKoapduipenToB Cyz) mosydaem
Y NCLIOR (©)
gu(2)=AB* [dr | fy(r,2)] £ (1,2) £, 2). (7)

Ms! He OyaeM moxpoOHO MccIeoBaTh CBOMCTBA PEILICHUH CUCTEMBI YpaBHe-
Hu# (6)—(7) (3TO AOIDKHO COCTABHUTH MPEAMET OTIEIBHOTO COOOIIEHNS), 1 OTMETHM
TG cienytoniee. B ciryuae, xorma mudpakius Ja3epHOro moisi MIPUBOAUT K 3Ha-
YUTENBHBIM KOTeOaHHAM BeTHUMHBI | f(r1, 2)|” 0 cedeHuio (a MMEHHO TAKOBA CH-
Tyauusi B 9KCIIEPUMEHTE), UaroHaJIbHBIH KOAPPHUIHEHT goo(z) (KOTOPBIH yCIOBHO
MOKHO Ha3BaTh KOX(QQHULIMEHTOM yCWIIEHHs HyJeBoil ¢yHkuum) B 2-3 pasa mpe-
BOCXO/IUT BETMUNHY KOI(D(PHUIIMEHTOB yCHIIEHUS g;;(z) VI OCTaNbHBIX (QYHKIMA H
BEJIMYMHBl HEOUAarOHAIBHBIX K03(duimentos |gol, |gul, i, k£ # 0. IloaTromy mpen-
CTaBJISIETCS MPABIONOIO0HBIM, uTo amIuiuTyna Co(z) Oynet pactu Hanbosee ObICT-
po, 4TO ¥ Jgact Tpedyemoe cootHomeHwue (1).

OTMeTHM TaKKe, YTO €CIM BO30YKIarollee M3ITyuYeHHE MMEET IMOCTOSHHBIN
110 MOIEPEUHOMY CEUEHHIO MPO(MIb aMILTUTYIBI | fo(rL, Z)| = const, To HHKaKOro
[IPEUMYLIECTBEHHOTO BOCIIPON3BEACHUS CUTHAJIOM KOMIIJIEKCHO-COTIPSKEHHOTO JIa-
3epHOTO0 (PpOHTA HE JMOIKHO MPOHMCXOAUTH. ITO KAYECTBEHHO COTJIACYETCS C pe-
3yJIBTAaTOM OIBITa O€3 TPaBJICHOW TUIACTUHBI.

Astopsl 6narogapasl H.I'. bacoBy 3a BHumanue k padore u B.U. Kopanesy
3a IOMOLIb B IPOBEICHUHN 3KCIIEPUMEHTOB.
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