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PREFACE

S.N. BagaeVv?, K.L. Vodopyanov?, E.M. Dianov?, O.N. Krokhin?,
A.A. Manenkov®, P.P. Pashinin®, 1.A. Shcherbakov®

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

% 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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C.H. baraes, K.J1. Bogonbsinos?, E.M. [lnanos®, O.H. KpoxmH*,
A.A. MaHneHkoB®, .M. MNawnHnnu®, U.A. LLjep6akos®

1 UHcTUTYT nasepHoi ¢pusmkn CO PAH, HoBocnbupck

2 CreHdopackuit yHusepcutet, CteHdopa, CLUA

3 HayuHblIi LeHTP BOJIOKOHHOM onTuku PAH, Mocksa

4 dusmyeckunin MHCTUTYT M. MN.H. Nlebeaesa PAH, MockBa

5 UHCTUTYT 06Len pusmnkm um. A.M. MNpoxoposBa PAH, MockBa

B 2010 r. ncnonHsetcsa 50 feT CO BpeMeHW co34aHus NepBoro B Mupe na-
3epa — KBAHTOBOro reHepatopa KOrepeHTHOro OMTUYECKOro W3/y4YeHWUs, OCHO-
BAHHOMO Ha MCNOJSIb30BaHNMN BbIHYXAEHHOro (MHAYLMPOBAHHOIO) U3J/1y4YeHus aTo-
MOB M pe30HaHCHOM obpaTHoW cBsA3M (pe3oHaTopa). DTo cobbiTMe NpuBENO K
6ypHOMY pasBUTUIO KBAHTOBOM 3/IEKTPOHUKM OMTMYECKOro auvanasoHa. besycnos-
HO, nccnenoBaHms B 06/1aCTM KBAHTOBOW 31eKTpoHMkn CBY-amanasoHa noaroTo-
BMM NOYBY A1 pacnpOCTpaHEHUs NPUHUMNOB KBAHTOBOW 3/IEKTPOHUKM Ha OMTU-
YeCKMn AnanasoH — nepexos OT Masepa K sasepy. DTO npexzae BCero OTHOCUTCSH
K TPEM KJ/OYEBbIM KOMMOHEHTAM KBaHTOBbIX FEHEpaTOpPOB: aKTMBHas aToMHas
cpefa CoO CTPYKTYpPOW YpOBHEN 3HEepruu, B KOTOPOM MOXeT 6biTb nosyvyeHa reHe-
paums M3NyyeHus B KelaeMOM Auana3oHe 4acToT, MeToh MOoNyyYeHWUs MHBEepCUu
HaceNleHHOCTEN YPOBHEN M 3NeKTpoaMHaMMyeckas CMCTeMa, B KOTOPOM MPOMCXO-
OVT B3aUMOAENCTBME N3NTYYEHNS C aKTUBHOW Cpeao.

B cBA3n ¢ 50-neTHuM obuneeMm nasepa B MMpe MposBASETCA MOBbILWEHHbIN
MHTepeC K UCTOPUM KBAHTOBOW 3NEKTPOHWMKW. DTOT creuunanbHbli NPOEKT XYypHa-
nos «KBaHTOBas JnekTpoHuKa» U «Tpyabl MODAH» coaepXuT paHHUE nMMoHep-
CKne paboTbl COBETCKMX aBTOpPOB, KOTOpble OKasanu CylecTBEHHOe BAUSIHME Ha
CTaHOB/IEHME N pa3BMTUE NA3epOB N KBAHTOBOWM 3NEeKTPOHWUKWN. Takas penpuHTHas
nybnnkaumsa paHHux paboT 6yaeT nonesHa Kak pyCCKOSA3bIYHbIM, TaK M aHraos-
3bl4YHbIM YMTaTensMm, ocobeHHO nocneaHMM, NOCKOAbKY psig paboT paHee He ny6b-
JIMKOBAJICA Ha aHIMTMMNCKOM A3blKe M NO3TOMY 6bin TpyaHo aoctyneH BHe CCCP.

OTbupasa ctaTbm ANsg nepeusgaHusl, Mbl UCXOAWAN U3 ABYX OCHOBHbIX Kpu-
Tepues: NMpUHUUNNANIBHOM, C HaWen TOYKN 3peHust, BaXxXHOCTU paboTbl U ee npu-
OpUTETHOCTM B MWPOBOM nuTepaType. Kpome TOro, ncxoas u3 npeaenbHoro Ao-
nyctmmoro obbema paHHOro cb6opHMKa, Mbl 6blIM BbIHYXAEHbl OrpaHUYNTbLCS
Konm4yectBoM paboT (B COOPHMK BK/OYEHbl 24 CTaTbWM) M AaTaMW UX MepBOHa-
YanbHbIX Nybankaumin (4o 1972 r.). Mbl TakXe BKIOYMAN BbIAEPXKKY U3 AOKTOP-
ckon pgucceptaumn B.A. ®abpukaHTa 1939 r., onybnmkoBaHHOM B 1940 r., rae
aHanM3npyloTCcs YCNoBUSA ANS HabnoaeHust «oTpuuaTenbHol abcopbummns» B raso-
BOM paspsije.

Bce ctatbm B 3TOM BbiNyCKe BOCMpPOM3BEAEHbl NPakTUYeCKn B TOM BuUAe, B
KakOM OHW nepBOHavasibHO nybnnkoBanucb. Mbl cunTaem HeobxoAuMbIM 3apaHee
NPUHECTN CBOM M3BMHEHMS HALUMM KoJi/ieraM, KOTopble COYTYT Haw Bbi6op He nn-
WeHHbIM Cy6beKTUBHOCTU, a TakXe TeM, Ybh paboTbl, HECMOTPSA Ha WX BbICOKOE
KayecTBo, He 6bIIn BK/IOYEHbI B 3TOT COOPHMK BCNeACTBME OrpaHUYeHHoro obbe-
Ma nybnukaumu.



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 gk 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- (N /N;j)(gj/gx), 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)A+B N, 9j
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].
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K Bonpocy 06 akcnepuMeHTaJIbHOM fiOKa3aTeNbCTBe
CyllecTBOBaHUA oTpuuaTenbHOl abcopbumn’

B.A. ®abpukaHT

Bbiaepxka (cTp. 273—274) u3 AOKTOPCKOM ancceptaumm B.A. dabpukaHTa 1939 r., KoTopas
6blna onybnukoBaHa B 1940 r., rae OH yKa3blBaeT Ha TO, YTO MHBEPCUSI HaceneHHOCTeWn
[AOJKHA MPUBOANTb K YCUIEHUIO CBETOBBIX BOJIH, W NMpeasiaraeT Ucnosib3oBaHue coyaapeHui
BTOpPOro poja Ans COo3AaHus 3TON uHBepcuu. 3aecb Ng U Nj — 3acefieHHOCTU BEepXHero u
HWXXHEro ypoBHen COOTBETCTBEHHO; gk U gj — UX CTaTUCTUYECKME Beca.

Hacrosmuii pas3zen mocBAIIeH KpaTKOMY PacCMOTPEHHUIO B CBETE H3JIOKCH-
HBIX BBIIIE COOOPaKEHHI TEOPHH IKCIICPUMEHTOB, T0Ka3bIBAIOIINX CYIIECTBOBAHHE
OTpHUIATENIbHOM a0COpOIMH (MITH, YTO TO ke, OTPHLIATEILHON TUCICPCHH).

Eciu koHIeHTpanusi BO30YKJICHHBIX aTOMOB HE 3aBUCHT OT OCBELICHUS, TO
KOJIMYECTBO TIOTJIONICHHON B OSCKOHEYHO TOHKOM CJIO€ JHEPrHd OyIeT MpoIop-
moHanbHO 1- (N /N;)(9;/0k), rae BTOpoit wieH Kak pa3 COOTBETCTBYET OTPULIATEIIb-
HOI abcopOumu. [lornomenne yMeHbIIaeTcst 3a CUeT YBEIHMYCHUS YHCIIa aKTOB UC-
IyCKaHUs, BBI3BAaHHBIX OTPUIATENILHON a0COpOIHei.

Ecnn xoHIeHTpamust BO30YKISHHBIX aTOMOB 3aBHCHT OT OCBEICHUS, TO BO-
IPOC 3HAYUTETHHO yCIOKHIETCH.

Ha miepBbIii B3ITIS1] MOKET MOKA3aThCs, YTO B OTCYTCTBUHM TYIICHHUS OTPUIIATEIIh-
Hast abcopOuusi BooOIe HUKaK HE CKaXeTcs.. Benlb CcylllecTBOBaHHE OTpUIIATEIBHON
abcopOIMK SKBUBAJICHTHO YBEIIMYCHUIO BEPOSTHOCTH MCITyCKaHHMs, HO €CJIM HET TyIIIe-
HHS1, TO BEPOSTHOCTD MCITyCKAHUS HUKAK HE BIIMSIET HA MHTCHCUBHOCTD U3JITYYCHHUSI.

[MTocnenHee COBEPIICHHO CIPABEIUIMBO JUIS TOJHOTO MOTOKA U3JTyYSHHUs, UC-
MyCKaeMoro mo BceM HampasieHusM. OIHAaKO B HAIlpaBICHHU NaJaloLIero My4YkKa
Onaromaps HampaBJICHHOCTH aKTOB OTPHUIIATEIbHOW aOCOpOLMM JOJDKHO HAOI0-
JIaThCs yBEIMYECHHE NHTEHCUBHOCTH. 3a CYET OTPHULATEIbHON a0COPOIMH TPOU30¥i-
JIeT TiepepacrpeieNieHne H3Iy4eHHs 1o yriaM. Hannume TymeHus TOJIbKO yBesu-
quT 3¢ dekt. [ToaToMy HE0OXOaUMO yKa3aTh, UTO, pacCMaTpHBas pPaHEE ATOT JKe
BOITPOC, MBI IEPEOLIEHUBAIIN POJIb TYIICHHUS.

HerpynHo mokas3ark, 4TO NMpH HATMYHU TYIICHUS TONpPaBKa, BbI3BAHHAS OT-
pulateabHON adbcopOimel, OyAeT BhITISIETh TaK:

(1-2)A+B N 9,
A+B N; g

* B.A. ®abpukaHT. MexaHu3M U3/ly4YeHus rasoBoro paspsaga. Tpydbl BcecowsHoro siekTpo-
TEXHNYECKOro MHCTUTyTa. 1940. Bobin. 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 Ny /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 Al — BEpOSITHOCTH MCITyCKaHHs yBEIMYCHHUs Oiarogaps OTPHIATENbHON a0-

copOIH; B — BEpOSATHOCTH TYIICHUS, @ — TEIECHBIA YTOJI, 3aXBaThIBAEMBIN TIPH-
EMHUKOM H3ITy9eHUsI.

[IpuBeneHHOE COOTHOIICHUE TTOKA3bIBAET, YTO JJISl SKCIIEPUMEHTAILHOTO 00-
HapyXCHUsI OTPHUIATECIBLHONW a0COPOLMU HYKHO MPEXKIE BCEr0 CO3/aTh YCIIOBHS,
MpH KOTOPBIX @ Majo; TaKUE YCIOBUS OCIA0ST TakkKe BIHMSHUC (DIyOpecleHIIMU
paspsina. braronpusTHEIM yCIIOBUEM il HAOIIOCHUS OTPULIATEIIEHON a0CcopOIuu
sBIIsieTCs OOJbIas BeuurHa B, T.e. CiiibHOE TyIICHHE.

Jamee nmis mpsMoro JoKa3aTeNbCTBA CYIIECTBOBAHHS OTPUIATENFHOWU ab-
COpOIMH JKeNaTeNbHO OBLIO OBI MONYYHTH IS YKa3aHHON TOMpPaBKU BEIUYHHY,
Oonpiryto equHUNBL [t 5Toro HykHO, 9T00bI Ny /Nj mpeBbIIano OTHOMECHHE CTa-
THCTUYECKHX BECOB J;j /Qk.

[locnennee emie HU pazy He HAOMIOAANOCH B pa3pse, HECMOTPS Ha TO, UTO Ta-
KO€ COOTHOLICHUEC KOHHGHTpaHI/Iﬁ B IIPUHIUIIEC MOXKET OBITE OCYHICCTBJICHO. KOHe‘IHO,
IIpH 5TOM HEJIB3A UATHU I10 JIMHUU YBEJIMYCHHUA TOKA, 3[/€Ch MaKCUMAJIbHOC OTHOLICHUEC
KOHIIEHTpaImu OyieT 0OJbIIMAHOBCKUM, T.€. HY’>KHOE HaM HEPaBEHCTBO HE BO3HUKAET.

Hawm kaxercs, 4To peajbHbIM, HO TPYAHBIM IIyTEM ISl IOJTyYCHHUS! HY KHBIX yC-
JIOBUH SIBIISICTCS MICTIOJB30BAHKUE OISATh-TAKH MOJICKYJIIPHBIX TIPUMECEH Ui n3oupa-
TENFHOTO pa3pyIlIeHrs] HIKHUX ypoBHel. Kak m3BecTHO, 31ech HAOIMIOMArOTCS TpU
yZIapax BTOPOTO Poja IOCTaTOYHO pe3Kue pe3oHaHCHbIe 3 dekTsr. Hemsbexnoe npu
3TOM TYIIEHHE H3IIy4eHHs, KaK MMOKa3aHO ObUIO BBIIIE, TAKXKE SBISAETCS IOJIE3HBIM.
Pacuer ycnoBHii SKCIIEpUMEHTOB MOXKET OBITH MTPOM3BEACH TeM ke MeTomoM Pocce-
JIeH/a, KOTOPBIA OBLT HCIOIh30BaH MPHU BBIBOJIE OTHOIIEHHUS aTOMHBIX KOHIICHTpPAITHH.

HpI/I TaKUX ISKCIICPUMCHTAX MbI MOJYUYUM MHTCHCUBHOCTL BBIXOIANIIETO W3-
JIydeHUs! OOJIBIIYIO0, YeM TaJaroIlero, ¥ MOKHO ObUIO ObI TOBOPUTH O MPSIMOM DKC-
MEPUMEHTAILHOM JIOKa3aTeLCTBE CYIIECTBOBAHMS OTPUIATESILHON 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
~10"2mm 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 =1/27nt =8kHz, 1)

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 MOJIEKYIIPHbIX NYYKOB
ANA paANOCNEeKTPOCKONMUYECKOro u3yyeHus
BpaljaTesibHbIX CMEeKTPOB MoJiekyn®

H.r. bacos, A.M. Mpoxopos

dusmyeckunit MHCTUTYT uM. N.H. JlebepeBa Akagemun Hayk CCCP
MocTtynuno B pegakumio 19 gaHeaps 1954 r.

Pa3zo0panbl METOIBI UCTOIB30BAHUS MOJIEKYJISIPHBIX ITYYKOB JUISl WCCIICIOBAHUS
BpaIaTeNbHBIX CIEKTPOB MOJIeKyI. [IpiMeHeHne MOJEKyISIPHBIX ITy9YKOB TTO3BOJIS-
€T TOJy4aTh Y3KUE CHCKTPAIbHBIC JIMHUU C IUpUHOU ~7 K['I1 1 1aeT BO3MOKHOCTh
M3y4aTh BpallaTelIbHBIE CIEKTPHI BEIIECTB, KOTOPHIE MPH HOPMAIBHBIX YCIOBHUSIX
HaXOJSTCS B TBEPJIOM COCTOSHHH.

BBegenne

Bonpmmm orpaHnveHreM MpUMEHEHHS PaJrioCIEeKTPOCKOTMYECKOTO METO/Ia
JUTSL WICCIIEIOBAHMS BpAIIaTEIbHBIX CIIEKTPOB MOJIEKYJ SBJISETCS TO, YTO Bpala-
TEIBHBIMH CIIEKTPaMHU 00JIaIal0T TOJIBKO BEINECTBA, HAXOMAANIUECS B ra3000pa3HOM
cocrosiHuM. [IpakTHuecku HEOOXOAUMO MMETh JaBJICHUE IMAPOB HUCCIICIYyEMOTO Be-
IIeCTBa ~1O_2 MM PT. CT., TaK KaK Ipu 00Jiee HU3KUX NABICHUSX YMEHBIIACTCS HH-
TEHCUBHOCTH JIMHUH. Takum 00pazoMm, Il icCae0BaHMs BpallaTeIbHBIX CIIEKTPOB
TBEPJABIX IMPH HOPMAJIBHBIX YCIOBHSX BEIIECTB HEOOXOTUMO HAarpeBaTh IMOTIIO-
HIAFOIYIO STYEHKy CIEKTPOCKONa 10 TaKOW TeMIIepaTyphl, IpU KOTOPOH yIpyrocTh
MapoB UCCIEAYEeMOro BemecTBa gocturaet aasineHust ~107 MM pr. ct. Takol myTh
WCCIIEZIOBAHUS BEIET K MOTEpe pa3peliaromieil CHIIbl paauoCIeKTPOCKONa, TaK Kak
HarpeBaHue BEIECTBA BEACT K PACIIMPSHHUIO CIIEKTPAJIbHBIX JTUHMK U3-3a 3ddekTa
Jomepa u coyapeHuid MOJIEKYJ CO CTEHKaMH TOTJIONIAt0IEen SYelKH.

Crnemyer OTMETHTH, YTO HCCIIEAOBAHHWE TBEPABIX COCAMHEHHWH MpPEACTaBISIET
0COOBIf MHTEPEC, TaK KaK Ui MHOTHX AJIEMEHTOB HEM3BECTHO JIOCTATOYHO MPOCTHIX
ra3000pa3HbIX COCIUHEHUM, 00JIQIAI0NIUX TUMOJIEHBIMA MOMEHTAMH. BOJIBITMHCTBO
K€ TBEPABIX HOHHBIX COCI[I/IHCHPIIZ HUMCHOT 6OJII)]_[II/IC AWUINOJIbHBIE MOMEHTHI, T.€C. MOT'YT
OBITH HCCIEIOBAHBI PAIUOCTIEKTPOCKONMYECKUM METOooM. Hampumep, mms aie-
MEHTOB TPYIIBI PEIKUX 3€MENTb HEM3BECTHBI ra3000pa3Hble COEAMHEHUS, TIPH I10-
MOIIIY KOTOPBIX MOKHO OBLIIO OBI OMPENIENUTh SAEPHBIE MOMEHTHI ATHX 3JIEMEHTOB.

[[IuprHa ceKTpaIbHBIX JTUHHUA MOKET OBITh CYIIECTBEHHO YMEHBIIICHA, €CITH
HAOJIOATh MOTJIONIEHINE MUKPOBOJH HE B Ta3e, KaK 3TO JIENAeTCs B PAJAUOCIICKTPO-
CKOIIax, a B MOJIeKyJsipHOM Ityuke. [IIupuHa JUHUN «MOHOXPOMAaTHYECKOTO» IO
CKOPOCTSIM MOJIEKYJISIPHOTO Iy4Ka OINpeAessieTcs BpEeMEHEM IIpoJieTa MOJIEKYJ B
MoJie MUKPOBOJIHOBOTO WM3ITydeHHUs. Hampumep, ecnu IynHA TpoJieTa MOJEKYN B
nosie paBHa 1 cM U ckopocTh MoJiekys paBHa 500 m/cex, TO MONyHmIMpHHA JTHHHUI
MONTy4aeTCsl paBHOU

£ XOTP. 1954. T. 27, Bbin. 4(10). C. 431-438.
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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 molecijles 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=¥n<wa, ()

where v=/8kT/zM is the average velocity of molecules in the beam; n 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, ©)

where r 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

g, exp{—E, /kT} g, exp{-E, /KT}
° Qrt Qvib

where E; is the rotational energy of a molecule; g; is the statistical weight of the ro-
tational state; Qy 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 = (Ej1 — Ej)/h, the number of molecules absorbing energy is

N N hy
Ny = I e Ny, —. 5
: 93( 9; 0541 J kT ©)

N,, =N : (4)

The latter equality takes place as hv < KT for the microwave region.

Thus, due to almost the same population of rotational levels E; and E;.q, only
the hv/KT part of molecules of their total number at the level Ej, 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 =1/27xr =8k, (1)

TZie 7— BpEMs MPOJIETa MOJIEKYJI B TIOJIE U3ITy4EHUSI.

BBuay TOro 4To CKOPOCTH MOJEKYJ B ITy4KE€ HE OIMHAKOBHI, Ka3aJoCh ObI,
YTO HEOOXOJMMO B ITyYKe TaK)K€ yUUTHIBATh U JOMJIEPOBCKOe pacimupenue. OT mo-
IUIEPOBCKOIO PacIIMpEeHUsl JUHUA B HEMOHOXPOMATUYECKOM II0 CKOPOCTSM ITy4Ke
MOJIEKYJI MOXKHO HM30aBHUTBCS, €CIM B OOBEMHOM PE30HATOPE WJIM BOJHOBOJIE BO3-
Oy»KIaTh Takue THUIbI BOJH, Y KOTOPBIX (ha30Basg CKOPOCTH B HAIIPABJICHUH PACIIPO-
CTpaHEHUS NyYKa paBHA OECKOHEYHOCTH. DTO BBITEKAET U3 TOTO, YTO CMEILEHHE
9acTOTHI, KaK MOYKHO IOKa3aTh, OINpPENENIeTCs OTHOLIEHHEM CKOPOCTH MOJIEKYJ
myuka K ha30BOi CKOPOCTH BOJIH B HANPABICHHH PAacIPOCTPAHEHN) ITyUKa'.

1. MoJiekyJsIpHBI My40K

Yucno MOJICKYJI, BBUICTAOINMX U3 MICJIM UCTOYHUKA MOJICKYJIAPHOI'O IIy4YKa B
OJHY CEKyHIY, pPaBHO
N=¥n<va, (2)

rae v =+/8KT/ZM ectb cpemnssi CKOPOCTh MOJICKYJI ITy4Ka; N — IUIOTHOCTh MOJIe-

KyJ BHYTPU HCTOYHHMKA MOJIEKYJISIPHOTO Iy4Ka; @ — IUIOLIAJb LIEIN HCTOYHHKA,
M — macca MOJIEKyYJIBI.

Yucno Monekyll mydka, Najalonux HOPMAaJIbHO Ha TUIOMaIs S B Hampasiie-
HUH, IEPIEHIUKYJIIPHOM TUIOCKOCTH ILEIH UCTOYHHKA, PaBHO

Ng = (N/zr?)S, ®)

re I — pacCTOsSHUE MEKIY IUIOIIABIO S U IIEIbI0 HCTOYHHKA.

W3 sToro umcia MoyeKysl Ha BpallaTeIbHOM YPOBHE, XapaKTepU3yeMOM
KBaHTOBBIM YHCJIOM BpalaTeIbHOTO MOMEHTa J W KojeOaTeIhbHBIM KBaHTOBBIM
YHUCIIOM ¥, HAXOAUTCS CIEAYIOIIEee YUCIO MOJIEKYII:

g, exp{—E, /KT} g, exp{-E, /KT}
S
QBp onn

rae E; — BpamatenbHas SHEprus MOJEKYJbl;, §; — CTaTUCTUYECKUH Bec Bpala-
TEIBHOrO COCTOSIHUSA; Qy, — BpalllaTeIbHas cTaTUCTUYECKas cymMma,; E,, — koneba-
TeJIbHAsI SHEPTH MOJIEKYJbI; J,, — CTATHCTHUYECKHH Bec KOJIeOaTeIbHOTO COCTOS-
HUs; Qo — KosleOaTenbHasi CTaTUCTHYECKAs CyMMa.

[Ipu mpomyckaHuu Mmydka MOJIEKYJ uepe3 BBICOKOYACTOTHOE MOJIE YacTOTHI
v=(Ej+1— E;j)/h B mornomieHnu sHepruy IPUHUMAET yYaCTHE YKHCIIO MOJICKYJ, paBHOES

Nj, Ny, hy
D e L
9, 03411 KT

TMocneHee paBEHCTBO MMEET MECTO TIOTOMY, UTO /ISt MUKPOBOJIHOBO# oOmactu hy < KT.
Takum 00pa3zoM, BCICICTBUE MOUTH OJMHAKOBOW HACEIICHHOCTH BpAIaTeNlb-
HBIX ypoBHEH E; U Ej41, B IOTJIOIEHUN MUKPOBOIHOBOM SHEPTrUY IPUHUMAET y4a-

N,, =N : (4)

N akr — gJ (5)

' Cnegyet 3aMeTUTb, YTO AOMIEPOBCKOE paclUMpEHUe IMHWUIA MONEKYN rasa, 3amnosiHsoWero
06BbEMHbBIN pe30HaTop MAW BOSTHOBOA, PaBHO AOMNJIEPOBCKOMY PAaCLUMPEHUIO SIMHUWA rasa B
cB0604HOM MpoCTpaHCcTBe.
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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]

WM =1-¢"7, (6)
where

y =872 p(w) Wl [3h*(Av), (7)

p(v) is the energy density of the high-frequency radiation field; Av is the spectral
line half-width; and ' 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 z 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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ctre sumb hv/KT gacTe MOJIEKYST OT MOJHOTO YHCIA MOJEKYJ, HaXOIAIINXCSA Ha
ypoBHe Ej,. Mosekyibl, KOTOpPbIE MPUHUMAIOT YJYaCTHE B MOTJIOIIECHUH 3HEPTHH,
MbI OyJIeM B JabHCHIIIEM HA3bIBATh AKTUBHBIMU MOJICKYJTAMH.

BcenencrtBre TOro 4to MOJEKYJIBI B MOJEKYJSIPHOM IyYKe HE B3aUMOIEHCT-
BYIOT, HAPYIICHHUE PACTIPEICICHUS MOJIEKYJI 10 SHEPreTHYECKUM YPOBHSIM HE BOC-
CTaHABJIMBACTCSA. IJTO JaeT BO3MOKHOCTH YBEIMUYMTH YHCIO AKTHBHBIX MOJEKYI,
HPOU3BOJISI KX COPTUPOBKY IO BpamaTeIbHbIM COCTOSHHSIM. COPTUPOBKY MOJIEKYIT
[0 Pa3jIMYHBIM BPalaTelIbHBIM COCTOSHUSM MOKHO TOJYYHTH, €CIH MPOIYCKaTh
MOJIEKYJISIPHBIA MYY0K 4Yepe3 HEOAHOPOIHOE 3JIEKTPUUECKOE IMOJIE C TPaIUCHTOM
TOJIsI, HAITPaBJICHHBIM TIEPIIEHANKYIIIPHO HAIPABICHUIO PACIPOCTPAHEHHS ITyUKa.
Briaromapst Tomy uto mpoexius 3Qp(PEeKTHBHOTO IMIOIBHOIO MOMEHTa Ha HarpaB-
JIEHHWE BHEIIHETO ITOJIS 3aBUCUT OT KBAHTOBOTO YMCIA J M €ro MPOEKIMK Ha BHEII-
Hee rmoJie M), MOJIEKYJIbl, HaXOAIIUECS B PA3IMYHBIX BpAIIaTeIbHBIX COCTOSHHSX,
OTKJIOHSIFOTCS. HEOJHOPOHBIM AICKTPHYESCKUM TI0JIEM TTO-Pa3HOMY, a ClIeI0BaTEIb-
HO, MO’KHO BBIICJTUTH MOJIEKYJIbI, HAXOASAIINECS B OMPEICICHHOM BpaIlaTeIbHOM
cocrostHur. Takoi METO/I COPTUPOBKH MPUMEHSETCS B PE30HAHCHOM METOJIE MOJIe-
KyJspHbIX my4koB [1]. TIpuMeHeHre COPTUPOBKH MOJICKYJ IAeT BO3MOYKHOCTH YBe-
JMYHTH YUCIIO aKTHBHBIX MOJIeKyJ1 B ~KT/hv pas.

MakcuManbHasi TJIOTHOCTh MOJICKYJ B IyYKe ONPEACIACTCS W3 YCIOBHS,
4T00BI 32 BPEMsI IIPOJICTa MOJIEKYJIaMH BHICOKOYACTOTHOTO TOJIS U3JTyYCHUS HE ObI-
JI0 CTOJKHOBCHHH MEXKIY MOJECKYyJTaMH IMydka. MOXHO MOKa3aTh, YTO JJIHHA CBO-
6omHOTO TIpOobOEera MOJIEKYIN B ITyYKe NMPHUMEPHO paBHA JUIMHE CBOOOIHOTO IMpodera
MOJIEKYJI B Ta3e, €CIIM INIOTHOCTh MOJICKYJI T'a3a paBHA IUIOTHOCTH MOJICKYJI Iy4Ka.
[Ipy MpUMEHEHWU COPTUPOBKH MOJIEKYJ IO BPAIIATEIbHBIM COCTOSHHSAM MAaKCH-
MaJibHasl MJIOTHOCTD MyYKa OMPEACIACTCS U3 YCIOBHUS, UTOOBI HEe OBIIO COYyMapeHui
MEXIy MOJIEKYJIaMHU TIPH MPOJIETE TOCTIEIHUX B COPTUPYIOIIEM IEKTPHUECKOM I10-
JIe ¥ B [TOJIE M3JTyUYESHHUS .

2. UyBCTBHUTEIbHOCTH CIEKTPOCKONA

UyBCTBUTENBHOCTh CIHEKTPOCKONA OMPENESeTCS YPOBHEM IIYMOB KpH-
CTAJUNTMYECKOTO JIETEKTOPA, MPHU MOMOIIH KOTOPOTO OOHAPYKUBACTCS MOTJIONICHNE
SHEPruu MOJEKylaMH ra3a. Tak Kak MpU MajblX MOLIHOCTSX LIYMbl KpUCTaiia
MaJl0 MEHSIIOTCSI C U3BMEHEHUEM MOIIHOCTH, Majaroleld Ha KPpUCTall, TO YyBCTBHU-
TEIBHOCTh CIIEKTPOCKONA PacTeT C YBEIMYCHHEM aOCOJIFOTHOW BEIUYMHBI IOTIIO-
LIEHHON MOJIEKYJIaMH MOIIHOCTH. BeanunHa MorjioimeHHol MOJIEKyJaMH MOIIHO-
CTH IPONOPLUHOHAJIbHA MOITHOCTH BBICOKOYACTOTHOI'O M3JIYYEHUs, YEpe3 KOTOpPOe
MPOJIETACT MOJICKYJISIPHBIN MyYOK, €Ciu HET 3 deKTa HACBIIICHHUS.

OnpenenuM ONTUMAJIbHYIO BEIWYUHY MOIIHOCTH BBICOKOYAaCTOTHOTO H3Iyde-
HUsl. BeposTHOCTh niepexojia MOJIEKYJ U3 COCTOSTHUA M B COCTOSHUE N IMOJ ACHCT-
BHEM H3JIyYEHHS 3a BpeMs 7 onpeaensercs Gopmyioit [2]:

W =1-e", (6)
rae
7t =87 p(v) |y [3n*(Av), ()

2 CnepyeT OTMETUTb, YTO ra30KMHETUYECKMI ANAMETP COyAApEHMWI MOJIEKY/T MEHbLLIE MUKPO-
BOJIHOBOMO ANaMeTpa coyaapeHuid.
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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 <7z, the saturation effect appears at which the spectral
linewidth is determined not by the time of flight = but by the lifetime y of molecules
in the specified state.

If y >z, 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 pqp(v) is determined by the equality

y=t. (8)
Taking (7) and (1) into account, we obtain from (8)
Pon (V) =30*(Av)?* /47|l )

For the radiation field density po(v), the beam molecules will absorb the
energy
E.os =0.43Nhv. (10)

Note that po(v) for transitions between the levels with the specified J also depends
on M;, and therefore we should use some average value of py(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/Pise P, (12)
where Pise IS the power noise.
The noise power of the superheterodyne with the passband Af is
Poise = FKT Af, (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 0x axis, the funda-
mental wave being excited (Fig. 1).

% Note that for 7 =y the line will broaden up to Av' :Av\/z
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p(V) — TUIOTHOCTH SHEPTUM U3JTyUYEHHUS BHICOKOYACTHOTO IMOJIS; AV — MOJIyIIHPHHA
CHEKTPAJILHOM JIMHHUY; L/ — MATPHUYHBIA 3]IEMEHT IMIIOILHOTO MOMEHTA MOJIEKYJIBI.

Bpems npeObIBaHUS MOJICKYJ B TI0JI€ M3IYYEHHS ONpPEIEseTCs BeTHMINHOMN
7 — BpPEMEHEM IIpoJieTa MOJICKYJIaMH My4YKa BHICOKOYACTOTHOTO MoJist. Bpems mpe-
OBIBaHMSI MOJICKYJI B 33/JAaHHOM COCTOSTHUH OIPEAENISETCS BEIMYNHOM y, CBSI3aHHON
C IUIOTHOCTBIO Touis m3nydeHus p(v). Eciu y < 7, To HacTynaet 3pdhekT HachIeH s,
NpU KOTOPOM IUPHHY CIIEKTPAIBHOW JTMHUK OyJET ONpeessTh He BpeMs MpoJieTa
7, @ BpeMsl )KM3HH MOJIEKYJI B 33JaHHOM COCTOSIHHH, T.€. 7.

Ecnu y > 7, To 3a Bpems mpoJjera yepe3 BBICOKOYAaCTOTHOE TOJIe HE BCE aK-
THBHBIEC MOJICKYJIBI IIPUMYT Y9acTHE B MOTJIONICHUH YHeprun. ONTHMaIbHOE 3HaUe-
HHE BeIM4YHHBI p(v) ciienyeT OpaTh Takoe, IPH KOTOPOM T = §; MPU 3TOM B IIOTJIO-
IeHuK IPUMYT yuactue 43 % aKTHBHBIX MOJIEKYIT .

MakcuManbHO BO3MOKHOE 3HaU€HHE TTOTJIOICHHON SHEPTUH IOy IHTCS, KO-
IJIa MIOJIOBHHA aKTUBHBIX MOJIEKYJ IEPEHIET U3 HUXKHETO COCTOSIHUSI B BEpXHEe.

HWrak, onTuManbHast INIOTHOCT M3IYYCHHS P (V) ONIpenenseTcs

Y=t 8)
Ortcrona, yuutsiBas (7) u (1), momy4nm
Po (v) =30 (8V)* [zl (9)
[TpH IIIOTHOCTH MOJIS Porrr(V) MOJIEKYIIBI ITyUKa HOTJIOTAT SHEPTHIO, PABHYIO
Eors =0,43N,,, hv. (10)

Crieyer 3aMETUTh, YTO Pon:(V) IS TIEPEXOI0B MEXKIY YPOBHSIMHU C 3aJaHHBIMH J
3aBHCHUT TaKKe OT Mj, TOSTOMY B Ka4eCTBE ponr(V) CliemyeT Oparh HEKOTOPOE Cpel-
Hee 3HaUYeHHE U3 ONTUMAJIBbHBIX 3HAUSHUM JJIS KaXKJ0M 3€eMaHOBCKON KOMITOHEHTHI.
[TnotHOCTh 3Hepruu p(v) B Ciaydae NPUMEHEHHS MOJEKYJSPHBIX IyYKOB
MOJTy9JaeTcsl 3HAUUTEITLHO MEHBIIEH IJIOTHOCTH DHEPTHH B OOBIYHBIX PaIHOCIEK-
TPOCKOMAX, TaK KaK B CIIy4ae ITy4KOB IMOJy4aroTcs 6oree y3kue JuHuH. Jlerko mo-
Ka3aThb, YTO MPU MAJbIX 3HAYEHUAX [IOTOKA IHEPTUHM IPUMEHEHHE CyNIEPreTEPOaUH-
HOTO MPUEMHUKA a€T HECOMHEHHOE MPEUMYIIECTBO M0 YyBCTBUTEIBHOCTH. Eciu
MIOTOK MOIITHOCTH paBeH P, TO MHUHHMAaJIbHOE OOHApPYKHMBAEMOE M3MEHECHHE MOIII-
HOCTHU Ha (pOHE MIyMOB IIPY NPUMEHEHHUH CYTIePreTePOAMHHOTO MPUSMHHUKA PABHO

AP=2,[P,.P, (11)
rae Py, — MOIIHOCTH ITYMOB.

BennunHa MOLTHOCTH IIYMOB AJISI CYNIEPreTePOANHHOIO MIPUEMHHKA C T10JI0-
coit mpomyckanus Af paBHa
Py = FKT Af, (12)

rne F — mywm-dakrop nprueMHuka.
PaccmoTpumM paznuuHble BapuaHTHl NPUMEHEHHS MOJEKYJISIPHBIX MYYKOB
JUISL U3yYCeHNUS BPAIIaTeIIbHBIX CHEKTPOB MOJIEKYI.

S Creayert nMeTb B BUAY, YTO NPU 7=y JINHUS PacUMPUTCA A0 AV = AvA/2.
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According to (9), the optimal power of the energy flux is
Pox = {3h7C(Av)? /47l |, (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
vx 0f molecules should be smaller than the time-of-flight linewidth in the radiation
field, i.e.

v <c/mrvoN2zin2. (14)
Therefore, the allowable divergence angle of molecules in the beam will be
tga <v,/v=c/mvbN27In2. (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
Nt zﬂKNJva (16)

where £ 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
I:>noise < 4P0pt (18)

is fulfilled. The value of Py is determined by (13).

A2 z
/ ! /
X /lo \‘. —
/ o UL —
<~ p—>
Fig. 1 Fig. 2
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3. CHeKTpoOCKON ¢ BOJHOBOHOMW MOTJIONIAIOIIEH T9eHKOi

[TycTh 31eKTpOMarHUTHOE U3ITyYCHUE PacIpocTpaHseTcst BIoib ocu 0X, mpu-
4yeM BO30yKaaeTcst OCHOBHas BoiHa (puc. 1).

OnTumanpHas MOIIIHOCTH IMOTOKA SHEPTHH, COITIACHO (9), paBHa

Poae = {30°C(AV)? 474 fbd, (13)

A€ ¢ — CKOPOCTH CBETA.

Ecmn qepe3 TaKkou BOJIHOBOJ MPOITYCKATh ITYYOK MOJICKYJ NapajuICJIbHO OCHU
Oy, To MOIJIEPOBCKOE PACIIUPEHUE CIIEKTPAIbHBIX JIMHUN OYyAET OTCYTCTBOBAaTh, TaK
Kak (ha3oBas CKOPOCTh PACHpPOCTPAHCHHS OCHOBHOW BOJIHBI B 3TOM HAalpaBiICHUU
paBHa OeckoHeuHOCTH. Eciu ncrnonb3yercst pacXoAsIuiics: My4oK MOJIEKYJI, TO He-
00X01MMO, 94TOOBI AOTIIEPOBCKOE PACITUPEHIE M3-32 HATMYUS KOMIIOHEHTHI CKOPO-
CTHU MOIJICKYJI Uy AaBajio OBl AOIUICPOBCKYHO MIUPUHY JIMHUH, MCHBIIYIO, YEM LINPU-
Ha JIMHWUH, CBA3aHHAaA CO BPEMCHEM IIPOJICTa MOJICKYJIaMU IMOJIA U3JTYy4YCHUs, T.C.

v, <C/mrvoN2zIn2. (14)

Cre10BaTesIbHO, JOMYCTUMBIH yroJl pa3ieTa MOJIeKyJl mydka OyeT
tga <v,/v=c/zveby2zIn2. (15)

Bripaxxenue (15) mokasbiBaer, 4To i HAOIIOACHUS BpaNaTeIbHBIX JHHHUMA
MOJKET OBITh HCIIOJIb30BaHa TOJHKO YacTh MOJICKYJI, BEUICTAIOIIUX U3 IICIH UCTOY-
HUKa ITy4Ka.

Ecnu B ucrounnke umeercss K BepTUKaIbHBIX IIENIEH IUIOMATN 8, TO Yepe3
BOJIHOBOJI OyI€T IPOJICTaTh CACAYIOIICe YHCIO aKTUBHBIX MOJICKYJI:

hv
NaKT = ﬂKNJv ' (16)
KT
rae [ ecTh Kod(PHUITMEHT HUCIOIB30BAHMUS MOJICKYJIIPHOTO ITy4YKa, OTMPEASIsIeMBIN
BeipakeHreM (15) u reomMeTpreii yCTaHOBKH.

KommuecTBo SHEpruuy, noriiomacMoe 3TuMU MOJICKYJIaMHU, COTJIACHO (10), paBHO
E =0,438KN,, (hv)/KT. (17)

st TOro YTOOBI 3TO MOTJIOUIEHNE SHEPTUU MOTJIO OBITH 0OHAPYKEHO, HEOOXOUMO,
cornacHo (11), BbImoIHEHHE YCIIOBUS

E 2
P . <—. 18
mym 4 POHT ( )
Benuuuna P, onpenensiercs (13).
AZ
[
/ : / ITy4ok
| O -
X / T —
/ /y e /b —

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 = 1072 cm?,
b=d=1cm, n=10%, |@|=2 45, 1o =7.3x10"° CGSE, v = 17700 MHz, T'=850°C,
F =40, and Af=0.1Hz. Then, Av=7kHz, E=3x10"W, P =5x10"°W, P =
= 2x107% W, and AP, = 6x107* 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 Hpyy
oscillation is excited. If a molecular beam is passed through such a cavity along the
0x 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 vy and vy should be smaller than the time-of-flight linewidth of mole-
cules in the cavity, i.e.

v, = V5 +v; <C/mrvey2rin2. (19)
Therefore, the allowable beam divergence angle is determined by the condition
tga <v, Jv=c/zvyr\27In2. (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 = 27vp(v)bdll/Q = 32 (Av)?v bl /2Q " (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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PaccmoTrpuM B kKayecTBe nmpuMepa BO3MOXKHOCTh HAOJIOICHHS BpalaTeIbHO-
ro nepexoga J=1—J=2 monekyn CsF. [lycre K =200, #=0,03, a = 107 e,
b=d=1cm n=10", |15|=% 1, 1o=7,310"° CGSE, v = 17700 MI'n, T = 850°C,
F=40, Af=0,1Tu. Torma Av=7xln, E=310"Br, P=510°Br, P, =
=2:10% Br, AP, = 6:10* Br.

Takum 00pa3oM, MOKHO OXKUIATh TPEBBIIICHNS CUTHATA HaJ ryMoM B 50 pas.

OrnrcaHHBIN 37€Ch CIIEKTPOCKOIT pPacxXxoayeT B TEUCHHWE OJHOTO Jaca /5T
BEIIECTBA.

B npuBeneHHOM BBIIIE pacyeTe HE yUYHMTHIBATIACh BO3MOXKHOCTb COPTUPOBKU
MOJICKYJI TI0 BpAIllaTeIbHBIM COCTOSHUSAM. [IpruMeHeHHe COPTHPOBKU MOJIEKYIN TIO
COCTOSTHUSIM PAacCMaTPUBACTCS HIKE, KOTJIa B KAUECTBE MOMIIOINAIOIICH TYeHKH HC-
MOJIb3YeTCS 00BEMHBIN PE30HATOP.

4. CneKTpoCKOIN ¢ 00beMHBIM PE30HATOPOM

[Iycts B KayecTBE MOTJIOLIAIOLIEH AYEUKH HMCIOJB3YyETCA MPSAMOYTOJbHBIN
PE30HATOP, B KOTOPOM BO30YxkMaetcs konebanue Hyyy. Eciim mpomyckath depes Ta-
KOH pe30HaTOp MOJEKYJSPHBIN My4oK B HampaBieHun ocu Ox, TO JOTIIEPOBCKOTO
pacimmpenuns CeKTpaJbHBIX JTUHUA HE OyJeT, Tak Kak (a3oBas CKOPOCTh pacipo-
CTpaHCHUA SHGKTPOMaFHHTHOﬁ BOJIHBI B 5TOM HAIIPaBJICHWU paBHa OECKOHEYHOCTH.

Ecmu ucronb30BaTh pacxoIsIIUNACS MyY0K, TO HEOOXOIUMO, YTOOBI JIOTLICPOB-
CKas IHrpruHa JIMHAH N3-3a2 HAJIMYUS KOMIIOHEHT CKOpOCTH ’Dy n Uy 6I)IJIa MCHbIIIC -
PHHBI TUHUH, 00YCIOBICHHON BPEMEHEM MPOJIeTa MOJIEKYJI Yepe3 pe30HaTop, T.C.

v, :1/v§ +05 <c/mrve2zin2. (19)

Crie10BaTeNbHO, IOMYCTUMBIH yroJl pa3eTa Iy4Ka ONpeesseTcs YCIOBUEM
tga <v, [v=c/mvyrV2zIn2. (20)

ITpu BeBome (19) u (20) mpumsATO, 9TO (ha30Bask CKOPOCTH BOJHEI B HAIIpaB-
nenunn ocu Oy paBHa (a3oBoii ckopocTu B HanpaByieHuu ocu 0Z.

JInst moyiepKaHust ONTUMAIBHON TUIOTHOCTH TOJist p(V) BHYTPH OOBEMHOTO
PE30HATOPa B PE30HATOP HEOOXOIUMO BBOJIUTH SHEPTHUIO Py,

P, = 272vp(v)bdl/Q = 3h* (Av)?vbdl/2Q |, (21)

rae Q — noOpoTHOCTH pe3oHaTopa.

ITpu BeIBosie (21) cuWTanoch, YTO SHEPTUsi PABHOMEPHO pacipeiesieHa 1o
o0bemy pesonaropa. Kak BumHO u3 (21), BBOAMMAs B PE30HATOP SHEPTHS yMEHb-
I1aeTCs MPOMOPIMOHAIBHO pocTy Q. [ToaTomy ISl yBETUUEHHUST YYBCTBUTEIBHOCTH
CIIEKTPOCKOIA, Kak 3To cieayer u3 (11), Hy)KHO yBeIHYHTH TOOPOTHOCTH pe30HA-
Topa. [l momydeHus 60IbIIONH TOOPOTHOCTH pe30HATOpa HEOOXOIUMO YCTPAHUTh
MOTEpU M3-3a M3NYUYCHHUS Yepe3 OTBEPCTUSI B PE30HATOPE, CIIyKalllue Ui MPOoITycC-
KaHUs Ty4Ka MOJIEKYJ. DTOr0 MOXHO IOCTHIHYTb, HCIOJNB3Ysl B KayecTBE 3arop-
HBIX (DUIBTPOB OTPE3KU IMIHHIPUICCKAX BOJHOBOJOB, KPUTHYECKAS BOJHA KOTO-
PBIX MEHBIIIE JUTUHBI BOJHBI U3TYYEHUS] MOJICKYJI.
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The number of active molecules leaving the slit at sorting is
Nact =ﬂNJU, (22)

where £ 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.ps =0.438N;, hv. (23)
According to (11), this absorption can be detected if
EZ
Projse < —2-. (24)
noise 4P0pt

The value of Py 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,qs is the intracavity loss,
27nvEg
Eoss = Tﬂ (26)

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

Ea =p()V, 27

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

Noct > 2V h(Av)*12Q |17 [ (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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JIoOpOTHOCTh pe30HATOPAa MOXKET OBITh 3HAYHMTENLHO TOBBIIICHA MyTEM pe-
TeHEepay MPH OMOIIY JaMIbl Oerymield BosiHbl. JJoOpOTHOCTD pe3oHaTopa TaKxke
MOXeET OBbITh C/I€/IaHa JOCTAaTOUHO OOJIBLION, €Clld OXJIaIUTh PE30HATOP 0 CBEPX-
MPOBOISIILETO COCTOSHUSL.

Ywuciio aKTUBHBIX MOJICKYJI, TOJIy4a€MbIX OT IICJIH IIPpHU NPUMCHCHUU COPTHU-
POBKH, paBHO

NaKT :ﬂNva (22)

rae f — Ko3(pQUIMEHT UCIOJIb30BaHHs MOJIEKYJ My4Ka, ONMpPEACNIsIeMblii COOTHO-
mrenuem (20) u reoMeTpHeit YCTaHOBKH.
KosrgecTBo SHEpruy, NOrIonaeMoe STUMH MoJIeKyaMH, coriacHo (10), paBao

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

JUs1st TOro 4to0bI 3TO MOTIIOIIEHHE MOTJIO OBITh 0OHAPYKEHO, HEOOXOIMMO, Corlac-
HO (11), uTOOBI

Er?orn
PIlIyM < F . (24)

Bemmunna P, onpezernsiercs u3 paBeHcTsa (21). Bermumnna rirymoBs onpenensiercs (12).

[priMeHEeHHEe COPTUPOBKU MOJIEKYJI 0 BpAIaTeIbHBIM COCTOSIHUSM JaeT BO3-
MOXKHOCTh M3y4aTh HE TOJBKO CIIEKTPBI TOTJIOICHNS MOJICKYJI, HO M CIICKTPhI H3JTy-
YCHU MOJICKYJ, TaK KaK M3 IIy4Ka 10 JXCJIaHUIO MOKHO OTCOPTHPOBATL MOJICKYJIbI,
HaXOJAIIMECS B HIDKHEM HJIM BEPXHEM COCTOSHUHM PACCMAaTPHBACMOr0 MEPEX0/ia.

HCHOJ’ILE}y}I MOHeKyJ’IHpHLH‘/'I ITY4O0K, B KOTOPOM OTCYTCTBYIOT MOJICKYJIbI B HHUK-
HEM COCTOSIHHH PacCMaTpuBaeMOro Tepexo/a, MOXKHO CIEaTh «MOJICKYJISPHBIN re-
HepaTop. [IpUHIMI JEHCTBHS MOJIEKY/ISIPHOIO F€HEPAaTOpa COCTOUT B CIIELYIOIIEM.

OTCOPTUPOBAHHBIA MOJICKYJIAPHBIA My4YOK, B KOTOPOM OTCYTCTBYIOT MOJIe-
KyJbl B HWJKHEM COCTOSIHUM PacCMaTpUBAEMOIO IEpPeXoja, MPOIYCKAeTCs uepes
00BEMHBIN Pe30HATOP. 3a BpeMs MpoJieTa MOJIEKYJ B 00bEMHOM PE30HATOPE YacTh
MOJICKYJI MEPEXOOUT U3 BEPXHETO COCTOSAHUA B HUIKHEEC, OTJAaBast SHEPruro O6T)CM'
HOMY pe3oHaTopy. Eciii MOIIHOCTD OTEPh BHYTPH PE30HATOPA MEHbIIIE MOIIHOCTH
U3JIyYEHUs. MOJIEKYJI, TO HACTYMAET CaMOBO30YXKIEHHUE, TP KOTOPOM MOIIHOCTH B
pe30HaTOpe pacTeT 10 BEIWYMHBI, onpeaensieMoi s3ddexrom HachimeHus. Takum
0b6pazoM, caMOBO30YKICHHE HACTYIIUT, €CITH

Toav > Epr, (25)
rae Eo; — MOIIHOCTB IOTEPh B 00EMHOM PE30HATOPE, & UMEHHO
2zvE
E =2 (26)
Q

[MpuHKUMast, 9TO SHEPTUs B 0OBEMHOM PE30HATOPE PABHOMEPHO pacrpeese-
Ha 110 00beMy pe30HaTOpPa, 3amuIieM F.,; B BUIC

E. = P(V)V, (27)
rae V — o0bveM pe3oHaTopa.
Ha ocnoBanwnu (25)—(27) moyuum yCciioBrs CaMOBO30YKIECHHS B BUJIE

Naa > 2V(AV)*/2Q |17 (28)
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Consider, for example, the possibility of observing the J=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

Ep =1.6x1074W, (30)
Using (28), we obtain the cavity Q-factor at which the self-excitation comes:
Q>3Vh(Av)? /2Ny (31)
Let V=5 cm®and (Av)? = 5x10’ s Then, we have
Q> 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 Q-factors ~5x10° and the number of active molecules
~3x10°, 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 |zy'|=|um|, this power can be ob-
tained from (21):

Pyt =4.9x107W. (33)

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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CraunoHapHOe COCTOSIHHE TeHepaTopa ompernensercs 3(h(exKToM Hachliie-
Husl. [IpenensHas BeTMUMHA MOIHOCTH, KOTOPAsi MOKET OBITh MOJy4YEHAa OT TaKOTO

reHepaTopa, paBHa
EMaKc = % NaKT hV' (29)

PaccmotpuM B KauecTBe MpuMepa BO3MOKHOCTh HAOJIIOICHHS BpalaTeIbHO-
ro nepexoga J =0 — J=1 monexkyn CsF. [lng momydeHuss MONEKYJISAPHOTO ITydKa
HeoOxouMa Temmeparypa 575 K, npu koTopoii B HyJIEBOM BpamaTeIbHOM COCTOS-
uuu (J = 0) maxoautcest 0,00025 yacTh OT MOTHOTO YKCTA MOJICKYI.

Ilpu yrie pactBopa mydka B 1° MoxHO moxyunts notok 10 Momexyn B ce-
kyHIy. W3 stux Momekyn B cocrosiHnn J =0, v =0 maxomures 6-10° mormexyin
[TpumMepHO Takoe K€ YUCIIO MOJIEKYJI HaxomuTcs B coctosaun J =1, M; =0, v =0.
Tak kak B IMy4Ke OTCYTCTBYIOT MOJeKynbl B coctosnuu J = 0, v = 0, To HaliieHHOE
YHCIIO MOJIEKYJI SIBIISICTCS YHCIIOM aKTUBHBIX MOJIEKYIL.

MakcuManbHas SHepTHs, KOTOpasi MOXKET OBITh U3JTy4eHa B Pe30HATOp, paBHA

E,.=16-10"Br. (30)

W3 dopmyner (28) Halimem M0OpPOTHOCTH pe30HATOpaA, PH KOTOPOM IMOTyda-
eTCsl caMOBO30Y KJIEHHE!

MakKc

Q>3Vh(Av)? /2N, |u' . (31)
IMycte V=5 CMS, (A v)2 =5.10’ CeK_Z, TOTJIa B JAHHOM CITydae
Q>7-10° (32)

Tax Kak TakoW pe30HATOP CHENaTh MIPAKTUYECKH HEBO3MOXKHO, TO IOJIyYUTh
caMOBO30y’KACHHE B HAIIEM CIIydae TakkKe HeBO3MOKHO. OJHAaKO, BBUAY TOTO YTO
IUIOTHOCTh ITyYKa B HALlleM ClIy4yae AaJeKO He SABISIETCS NMPENeNbHON Ul JUIMHBI
cBOOOJHOTO mpolera MOJEKyJ, paBHOH 1 cM, pexuM caMOBO30YXICHHS MOKHO
OCYILECTBUTH MPH MPAKTUYECKH TOCTIXKUMBIX JOOPOTHOCTSIX, 3HAYUTENBHO MOBBI-
CHB IUIOTHOCTb MOJIEKYJIIPHOTO ITy4Ka.

TIpu JIerko TOCTHKUMBIX T06POTHOCTSX ~5-10% 1 TpH umCIe AKTUBHEIX MONEKYT
~3-10° BpamaTeNbHEIA TIEPEX0 MOXKET OBITH H3yUeH IIPU MOMOLIM MHIYUPOBAH-
HOro M3ny4eHus. Hailinem BenmMUMHYy MOIITHOCTH, KOTOPYIO HEOOXOJMMO UMETh IS
CO3/1aHUs B pE30HATOPE ONTUMAIBHOM MIOTHOCTH 3HEPTUU JUIsl HHAYLUPOBAHHOTO

U3IydeHHs MoJieKyll. BenenctBue Toro uto |uy) |=|um|, Bemmunay Py, MOxHO 1O-
ayunts u3 (21):

P, =49-10""Br. (33)

CornacuHo (24), npu F =40, Af = 0.1 't MUHUMaIBHO OOHAPYKHBAEMOE H3-

MCHCHUEC MOIIHOCTU PAaBHO

AP, =2-10""Br, (34)

T.e. IPY YKa3aHHOHW IUIOTHOCTH ITy4YKa MOJTYyYaeTCs MPEBBIIICHUE CUTHAA HaJ| MIy-
MOM B 7 pas.
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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

%(NB_N1)+N1_N2’ 1)

where N; is 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—Ei/kT, (2)

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_Ns)"‘Nl_Nz- 3)

# Sov. Phys.-JETP. 1955. Vol. 1. PP. 184-185.
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O BO3MOXKHbIX MeToaX NOJIyYEHUS aKTUBHbIX MOJIEKY/I
ANS MONEKYNSAAPHOro reHeparopa’

H.r. bacos, A.M. lNpoxopos

dusnyeckmin MHCTUTYT uM. MN.H. Jlebeaesa Akagemum Hayk CCCP
Moctynuno B pegakuunto 1 Hos6ps 1954 r.

Kak 65110 yka3zaHo B ctatbe [1], A5 CO3aHMs CIIEKTPOCKOIIOB BHICOKO#H pas-
peraromiei CHITbl HeOOXOAMMO HCIIOIh30BaHNE MOJICKYJISIPHBIX IIyYKOB. B 3TOM ke
cTarhe ObLIO YKa3aHO Ha BO3MOXKHOCTH CO3JIaHMsI MOJICKYJIIPHOTO TeHepaTopa. AK-
TUBHBIE MOJIEKYJIbI IS MONyYeHHUS PEKHMa CaMOBO30YXICHUS B MOJEKYJISIPHOM
reHeparope Mpeagarainoch Noay4yarh MyTeM OTKIOHEHHS MOJEKYJ Iy4Yka B HEOIHO-
POJTHBIX AIEKTPUYECCKUX MM MAarHUTHBIX MOJIAX. Takoi crnoco0 MonydYeHUus aKTHUB-
HBIX MOJICKYJI ObLT MPUMEHEH B TIOCTPOSHHOM MOJIEKYJISIPHOM reHeparope [2].

Nwmeetcs emie Apyroi myTh MOTYYEHUS! aKTUBHBIX MOJEKYJ, @ UMEHHO Mpea-
BapHUTEIbHOE OOIYYeHHE MOJEKYISIPHOTO IMydYKa BCIOMOTATENbHBIM BBICOKOYAC-
TOTHBIM I10JICEM, BBI3BIBAIOIIUM PE30HAHCHBIC IMEPEXOABI MEKIY pPa3IMYHBIMU YPOB-
HiMu Mouiekyn. Ha puc. 1 m 2 yka3aHbl BO3MOXKHBIC BapHaHThI UCIIOJIB30BAHUS
BCIIOMOTATEIHHOTO M3IYUYEHHSI YaCTOTHI Vyop JJISI 00OTAIIEHNS BEPXHETO YPOBHS B
[EJISIX MOYYEHHS peKUMa CaMOBO30YKICHUS Ha YacTOTE V.

B ciyuae, n300paxxeHHOM Ha puc. 1, aKTUBHBIE MOJIEKYJIBI Ha IIEPBOM YPOB-
HE TIOJTYYaloTCs 3a cYeT rmepedpoca BRICOKOUYACTOTHBIM ITOJIEM MOJIEKYJ C TPETHETO
ypoBHs. Eciin BBICOKOYACTOTHOE TMOJie 00J1afiaeT JOCTATOYHONW MOIIHOCTBIO, TaK
4yTO AocTUraeTcs 3Q(eKT HACBHIIIEHNS, TO YHCIO AKTUBHBIX MOJEKYJ PaBHO

%(Ns_Nl)Jer_Nz’ 1)

rae Nj — 4ucino MoJekys Ha i-M ypoBHe.

Umncno akTUBHBIX MOJIEKYJI Ha TIEPBOM YPOBHE YBEIHYHBAETCS C YBEIHYCHH-
€M pa3HOCTH SHEPruil MEXIy IHEPBBIM M TPETBUM YpPOBHSAMH IO OTHOIIEHHUIO K
Pa3HOCTH 3HEPTHH MEXKIY NMEPBBIM U BTOPBIM ypoBHsMH. IIpu sTOM cnenyer y4u-
THIBaTh, YTO YMCJIO MOJEKYJ Ha YPOBHSX MpPHU TEPMOAMHAMHUYECKOM DPABHOBECHU
ompenensercs pakropoMm bonbimana

N. ~e—Ei/kT, (2)

rae Ej — sHeprus i-ro ypoBHsi, T — aOCONIOTHAs TEMIIEpATypa MOJICKYJI y4Ka.

Te ke paccykaeHUs CHpaBeIIMBBI AJsS CiIydasi, H300pakKeHHOTo Ha pPHUC. 2,
TOJIBKO BMECTO YBEIIMYEHHUS YNCJIa MOJEKYJ Ha NIEPBOM YPOBHE 37€Ch IMPOUCXOIUT
yMEHBIIIEHHE YHUCIIa MOJIEKYJT Ha BTOPOM YpOBHE. UHCII0 aKTUBHBIX MOJIEKYJ B 3TOM
ClIy4ae paBHO

%(Nz_Ns)JFNl_Nz- 3)

#XK3T®. 1955. T. 28, Bbin. 2. C. 249—250.
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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.

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

(iii) 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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! This method is unsuitable for linear molecules where the transition between the superfine
structure levels is forbidden at AJ = 0.
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IIpennoxxkeHHble HAMHU METOIBI MOTYT OBITH HCIIONB30BaHbI, HalpuMeEp, B
CIIEAYIOUINX CITy4YasX.

1. YpoBHu 1 u 2 ABASIOTCS COCEAHUMH BpalllaTeIbHBIMUA YPOBHSAMH, IPHHA-
JIeKAIUMH OTHOMY U TOMY XK€ K0JIeOaTeIbHOMY COCTOSIHUIO MOJIEKYJI, @ YPOBEHb 3
[PUHAUIEXKHUT COCEAHEMY KOJIeOaTeIIbHOMY COCTOSIHUIO MOJIEKYJbI, IPUYEM Bpa-
[IaTeNIbHOE KBAaHTOBOE YHCIIO 3TOTO YPOBHS OTIMYAETCS OT BpaIlaTeNbHOrO KBaH-
ToBOTO yrcna ypoBHed 1 u 2 Ha A = 0, +1.

Y100HO 1OB30BATECS HEPEXOJaMHU MEXKIY KOIeOaTeJbHBIMH YPOBHSIMH C
n3MeHeHneM AJ = 1, Tak Kak B 3TOM ClIy4ae MPEABABISIOTCS HE CIUIIKOM BBICO-
Kre TpeOOBaHUsI K MOHOXPOMATHYHOCTH BCIOMOTATENbHOrO M3iIydeHHs. Tak Kak
Nepexoabl MEeXIy KosieOaTeNbHbIMI YPOBHSIMHU OOJIBIIMHCTBA MOJIEKYJI ITONaJaioT B
HH(PPAKPaCHYI0 00JaCcTh CIIEKTPa, TO BCIIOMOTaTeIbHOE M3JIyUYCHUE TO/DKHO IPH-
HaIexarb K 3Toi obnactu yactoT. CieayeT 3aMeTUTh, YTO MOIIHOCTH TETIOBBIX
MCTOYHUKOB MH(PAKPACHOTO M3IIyUEHHs CYILECTBYIOIIEH B HACTOSILEE BPeMs KOH-
CTPYKIIMU HEJOCTATOYHA IS TOJTydeHHs 3 QeKTa HaChIEHNUS.

2. YpoBHu 1, 2 u 3 ABNAIOTCS BpallaTeIbHBIMH YPOBHSIMH MOJIEKYJ THIIA
ACMMETPUYHOI'O BOJTUKA.

3. YpoBHu 1 n 2 SABAAIOTCS YPOBHSMH CBEPXTOHKOH CTPYKTYpBI, IIPHHAJLIE-
JKAIUMHA OJTHOMY M TOMY JK€ BPalllaTeIbHOMY COCTOSIHHIO, & YPOBEHb 3 SIBIISICTCS
YPOBHEM CBEPXTOHKOW CTPYKTYPBI COCEIHETO BPaLIaTENbHOTO YPOBHS MO OTHOILE-
amro k 1 m 2%,

4. YpoBHu 1 U 2 ABISIOTCS YpOBHAMH, OOYCIIOBICHHBIMA WHBEPCHOHHBIM
YABOCHUEM, TIPUHAISKAIIMMHI OJTHOMY M TOMY K€ BPalaTEIbHOMY COCTOSIHHIO, a
YpOBEHb 3 ABISETCS OJJHAM W3 WHBEPCHOHHBIX YPOBHEH COCEJHET0 BpallaTelbHOTO
COCTOSIHUSL.

[Ipenno)xeHHBIE METOABI MOTYT MO3BOJIUTH MOJIYYUTh JOCTATOUYHOE YHCIIO aK-
THUBHBIX MOJICKYJI B LEJISIX CO3/IaHHsI HU3KOYACTOTHBIX MOJIEKYJISIPHBIX T€HEPaTOPOB.
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The fine structure of the spectrum of the paramagnetic
resonance of the ion Cr®* in chromium corundum?

A.A. Manenkov and A.M. Prokhorov

P.N. Lebedev Physics Institute, USSR Academy of Sciences
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,Os—Cr,0O3 (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-

guency v, = 8960 MHz, two of the observed lines are due to the magnetic dipole
transitions M =3 <> ¥, and one of the lines is due to the transition M=% < —¥.

The transition M =—-% «<>—1% is not observed at this frequency, since the initial
splitting of the levels M =+ % and M =+3/ 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=%ok% M={o-¥% M=—%o-h

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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ToHKasA CTPYKTypa CrneKTpa napaMarHMTHOro pe3oHaHca
noHa Cr®" B xpomoBOM kopyHae*

A.A. MaHeHKkoOB, A.M. lNpoxopos

dusnyeckmin MHCTUTYT uM. MN.H. Jlebeaesa Akagemum Hayk CCCP
Moctynuno B peaakuunto 26 despana 1955 r.

[TapamarHuTHBIH pe30HAHC XPOMOBBIX COJIeH HanOoJiee XOpOLIO M3yYeH Ha
KBacuax. DJIEKTPHYECKOE KPHCTAJUTMUECKOe IojIe, ACHCTBYIOIIee Ha HOH XpoMa B
3TUX COEAWHEHUSX, UMEET TPHUTOHAJIBHYI0O CHMMETPHIO W CO3aeT paclIeIUICHHE
JIBYX KPaMEepPCOBBIX CIIMHOBBIX JIy0JICTOB (B OTCYTCTBHE BHEIIHEI'O MarHUTHOT'O T10-
ns) B untepsane ot 0,12 10 0,18 cM™ B 3aBHCHMOCTH OT THITA KBacuoB [1].

Hamu Ob11 rccneoBaH CHEKTp MapaMarHUTHOTO pe30HaHca B TBEPIAOM pac-
tBOpe Al,O3—Cr,03 (xpomoBbIii KOpyH.) Tpu KoHIeHTpanuu xpoma 0,05 %. Panee
9TO CoeAnHEHHe OBIIO MCCAeI0BaHO B paboTe [2], oaHaKko aBTOPY HE yIamoch 00b-
SICHUTH HAOJIIOJaBIIHNICS UM CIIeKTp. MBI UCCIieIOBall HAa3BaHHOE COCAMHEHHE Ha
IByX yacrorax, v; = 11970 MI'n u v, = 8960 MI'1i, nmpu KOMHATHOH TeMIieparype.

XpOMOBBIH KOPYHJ MpeAcTaBisieT co0oi oaHOOCHBIH KpucTaml. Koraa och
CHMMETPUHN KpHCTAUIa TapajieJbHa HANpPaBICHUIO TPHIOKEHHOTO BHEIITHETO
MarHATHOTO MOJIS, HaOJIOMAEeTCsl TOHKAs CTPYKTypa CHEKTpa IMapaMarHUTHOTO pe-
30HAHCA, COCTOSINAs M3 TpeX JIMHHM, YTO COOTBETCTBYET JJIEKTPOHHOMY CIIUHY
Cr¥, paBHOMY 3. Ha gactore v, = 8960 MI'11 1Be Hali0AaeMBIe JIMHUK 00YCIIOB-

JICHBI MAarHuTHBIMU JJUITIOJIBHBIMU NIEPEXOJaMU M = % <> % 1 OJHA JIMHHUA — IIC-
pexomoM M =¥ «>—¥. Tlepexon M =—3% «>—%. Ha 9T0ii yacToTe He HabIO-
JaeTcsi BCISACTBUE TOTO, YTO HAavyalbHOE paciueruieHne ypopaed M =+% u +3,

CO3/IaHHOE BHYTPEHHUM JJICKTPHYECKUM KPHCTAJUTUUSCKUAM 1oJieM, OoJbiire hyv,. Ha
gyactote v, = 11970 MI'n HabmtomaemMble JIMHUM TOHKOH CTPYKTYPBI 00YCIIOBJICHBI
nepexoiaMu

M=%ok M=o-) M=-%o-%.

Korna ock cuMMeTpuu nieprieHAUKYIISIpHA HAITPABICHUIO BHEITHETO MarHHT-
HOTO TIOJs, HaOMronaroTces aBe JMHUU Ha yactore 8960 MI'm u yeThipe nuHUE HA
yacrote 11970 MI'n. IIpu 3TOM, B cOrtacuu ¢ Teopueii, OTHOCUTEIIbHbIE HHTEHCHB-
HOCTHU JIMHHIA 3aBUCST OT YIJIa MEXKIy OCbIO CUMMETPHH KPHCTAJIa U HANIPABJICHU-
€M paJlnoYacTOTHOTO TIOJS.

[Ipenmonaras, 4TO Ha MOH XpOMa JIEHCTBYET SJIEKTPUYECKOE I0JIC TPUIO-
HAJIBHOM CHUMMETpPUH, MOXHO OIKCATh HAOJFOJAaEeMblii CIIEKTP MPH IOMOIIH Clie-
JYIOIero raMunsToHrana [1]:

#XK3T®. 1955. T. 28, BbiN. 6. C. 762.
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H= DI:éZZ - ¥%S(S +1):|+g\|,8Hz§z +glﬂ(HX§X + Hyéy)’

where D is a constant characterizing the splitting of the levels in the crystalline
electric field, S is the electron spin, S,, S, , S, are the components of the spin opera-

X! Yy

tor, g, and g, are spectroscopic splitting factors corresponding to parallel and per-
pendicular orientation of the crystal with respect to the external magnetic field,
£ is the Bohr magneton, and H,, Hy, 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 g;= 1.984 + 0.0006, g, = 1.9867 + 0.0006.
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H= D[ézz - ¥%S(S +1):|+g‘|ﬂHz§z +9¢ﬂ(Hx§x + Hyéy)’

rae D — KoHCTaHTa, XapaKTePHU3YIoIlas PaclIeIyICHHE YPOBHEH B DJIEKTPHUUECKOM
HoJe KpUCTajIa; S — BIEKTPOHHBIN CHuH; S, Sy, S, — omnepaTopbl KOMIIOHEHT

cnuHa, g ¥ §; — (PaKTOPBI CHEKTPOCKOMUIECKOTO PACHICIIICHHS, COOTBETCTBYIO-
IMe TapayiebHOW U MEPIEeHANKYSIPHON OPUEHTAMH KPUCTAJIa OTHOCHTEIBLHO
BHEIITHET0 MarHuTHOTO mouist; f — MmarHeToH bopa; Hy, Hy, H; — cocraBmstonue
HAMPSHKEHHOCTH MAarHUTHOTO TIOJS.

HauanbHoe paciiensieHie CIIMHOBBIX YPOBHEH B OTCYTCTBHE MarHUTHOTO I10-
st |2D| okasanocs pasueiM 0,3824 cM, uto Gonee deM B 2 pasa IPEBBIMIAET Pac-
IIETIEHHE B KBACIaX, a §-PaKTopsl PaBHBI

g,=19894+0,0006, g, =1,9867+0,0006.
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Molecular amplifier and generator
for submillimeter waves?*

A.M. Prokhorov
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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
guadrupole condenser. The system of rotational-inversion levels after sorting is given
in the figure for J=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

o =87%V | tma PN /hCA Y, (1)

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

If the power of the radiation leaving horn 1 is equal
to Pg, the power after passing a path | and entering horn 2
rises to Py=Pye”. Let v=6x10"Hz (1=0.5mm),
lmnl® = 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
: microwatt. To construct a molecular generator one can
v _  use two plane-parallel mirrors as the resonator. If the dis-
J=1___x__A .-+ tance between the mirrors is |, the reflection coefficient of
J=g— —  the mirrors is k, and we assume that energy losses of the

-------- ----+  plane waves occur only upon reflection from the mirrors,
The rotational spectrum  the Q-factor of such a system is equal to
of NH; for J=3, 2, 1, B
and 0, and for K = 0 Q=277[|(1—k) "

=38 _________. "

Yoo g +

)

#Sov. Phys.-JETP. 1958. Vol. 7. PP. 1140-1141.
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O MONeKyNIipHOM yCuuTesie U reHeparope
Ha Cy6MMUANMMETPOBbIX BOJIHaX®

A.M. lpoxopos

dusnyeckmin MHCTUTYT uM. MN.H. Jlebeaesa Akagemum Hayk CCCP
MocTtynuno B pepgakumio 1 anpens 1958 r.

B HacTosmmei paboTe paccMaTpuUBaeTCs BO3MOXKHOCTD CO3AaHHUSI MOJIEKYJISpP-
Horo ycuiurelns u reneparopa (MYT) Ha BoiHax kopoue 1 MM ¢ HCIOJIB30BaHHEM
MOJIeKyJ 1 amMmuaka. BpamarensHble mepexombl Moniekynl NHj; nexxar B oOmactu
BOJIH Kopoue 1 MM. DTH nepexoabl MOTyT ObITh UCTIONIB30BaHbI IuIsi co3ganus MYT.
CopTHpoBKa BpalaTelbHbIX IEPEX0JOB OCYIIECTBISIETCS! OJHOBPEMEHHO C COPTH-
POBKO# MO0 MHBEPCHOHHBIM YPOBHSIM — MOJIEKYJIbI, HAXOAALINECS Ha HIDKHEM HH-
BEPCHOHHOM YPOBHE, OTCOPTHPOBBIBAIOTCS NIPH MPOITyCKaHUM ITydKa MOJIEKYJI Uepes3
KBaJpyNoJbHBI KoHIeHcaTop. Cucrema BpalaTelnbHO-MHBEPCHOHHBIX YPOBHEH
MocJie COPTUPOBKHU M300pakeHa Ha puc. 1 mist J =3, 2, 1, 0 u K = 0, npuuem ypos-
HU, Ha KOTOpBIX HET MOJIEKYJ], MOKa3aHbl MyHKTHUPOM. CIUIOIIHBIMH CTpEJIKaMH
yYKa3aHbl MEPEXObl, YBEINUMBAIOIINE SHEPTHIO MAJAIOIIET0 W3ITyYeHUs, a MyHK-
THPHBIMH — TOTJIOMIAIOIINE H3ITyUYeHUE.

Jid cozmaHus yCUIIUTENS MOXKHO HCIOJIBb30BaTh YCTPOWCTBO, B KOTOPOM H3-
Jy4eHHe, BBIXOJAA W3 OJHOIO PYyNopa, NEPEeceKaeT psf MOJNEKYISPHBIX IMYyYKOB U
nornagaeT B Apyroil pymop. Eciam cpenHss MIIOTHOCTh YHCIA AKTHBHBIX MOJIEKYII
pasaa N, To KO3 PHIIMEHT OTPUIATEIBHOTO MOTIIOMIEHNUS OnpeaessieTcs: popMynon

a =87V |ty "N /hCcAV, (1)

IJ€ Vv — 4acToTa Mepexoia, fmn — MATPUUHBIA 3JIEMEHT
JUIIONIEHOTO MOMEHTa, Av — IIHpUHA JuHUH, h — mo- J=3 % —
crosiHHas 1lnanka, C — CKOpOCTh CBETA.

Ecnmu Ha BhIXO#E pymopa 1 MOIIHOCTh HM3ITyYEHUS
paBHa Py, To Ha BXxoJie pyropa 2 1mocie MPOXOXKIACHUS ITy-
TH | MOIITHOCTH BO3pacTaeT M CTaHeT paBHOUW Py = Py e, J=2 =
Hycte v=6-10"Tu (1 =0,5wMm), |uml|* =210, Av=
=510°Ty, N=10"cm™>. Torma a=1lcmt. Ecmm |= v
=10 cMm, TO P /Py = 2,2:10*. Maxkcumanpaas MommHocTs, J=1 SR SE R L EE
KOTOPYIO MOKET OTAAaTh TAKOW MYyYOK, COCTABISIET OKOJIO - 1y _
1 MxBT. /I8 co3maHus MOJEKYIIPHOTO TeHepaTopa B Ka-  ~  ~——=--=-- -+
YECTBE PE30HATOPA MOKHO MCIONL30BATh JBA IIOCKONA- Py 1. BpamarenbHbii
paiienbHbIxX 3epkana. Eciu paccrosaue Mexay 3epkana-  cmextp NH; mms J =3,
mu paBHO | 1 koadduimeHT oTpakeHus ot 3epkana paseH 2,1,0uK=0

# XOTP. 1958. T. 34, Bbin. 6. C. 1658-1659.
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If I=1cm, 1=0.05cm, k=0.95, then Q =2400. However, energy losses occur
also because the wave is not plane but has an angular spread 26 =~ /D, where D is
the linear dimension of the mirror. Because of this effect, the energy P, after n re-

flections will be
nia)?
P =P [1+—D2 j : 3

The quantity nl 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 = Q/2zv. During this time the wave traverses a path
nl = cz; if Q = 2400, and v = 6x10™ Hz, nl = 21 cm.

If D =3 cm, we get from (3) P, = 0.8Py, 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™, I=1cm, k=0.95, condition (4) is satisfied by a wide margin. If
e’ = 1, self-excitation occurs for small k.

H.I. bacos
N.G. Basov
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k (C‘II/ITaSI, 4TO NOTCPU SHECPIUU INIOCKOM BOJIHBI MOPOUCXOIAT TOJIBKO IIPU OTpaKe-
HHH OT 3epKana), TO ,Z[06p0THOCTL TaKOU CHCTEMBI paBHa

27l -1
Q =T(1—k) . (2)

Ecmm | =1 ecm, 4 = 0,05 cm, k= 0,95, o Q = 2400. OHako moTepu SHEPTHH TPOUC-
XOJIAT TaKKe M3-3a TOTO, YTO BOJHA HE SABJIAETCS IUIOCKOH, a MMEET YToJl Pacxoik-
nenust 20 =~ AID, rne D — nunelinble pa3mepsl 3epkana. M3-3a atoro saddekra Be-
JIU4HHA SHepruu P, mociie N oTpakeHHid CTaHET paBHOU

-2
P, =R [1+rg—fj : @)

Bemmunnaa nl ects myTh, MPOIAEHHBIH BOIHOMN 3a BpeMst N OTpaXKeHHH. ITO BpeMs
paBHo 7 = nl/c.

Ecim MBI 3HaeM HOOPOTHOCTH CHUCTEMBI, TO BpeMs, 32 KOTOPOE MOIIHOCTh
yOBIBacT B € pas, paBHo 7 = Q/27v. 3a 310 BpeMs BoJHA TpoiaeT myTh Nl = C7; ecn
Q =2400, a v=6-10" I'i;, To nl = 21 cm.

Ecmu D = 3 cm, To u3 (3) monyvaem, uto P, = 0,8Py, T.c. B Hamem citydae mo-
TEPH NP OTPAKCHUU UTPAIOT TIIABHYIO POJIb.

YcioBue caMoBO30YKIEHUS 3aIUIIETCS B BHIIE

ke >1. (4)
Ecim a=1cem™, =1 cm, k=0,95, ycioBue (4) 3HAYUTETBHO TEPEBBINOIHACTCS.
Ecmm e > 1, caMoB036ysKieHne HACTyTaeT npH HeGombmmx K.

A.M. MNpoxopos
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,03: Cr,03). 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], ~107s.

For a paramagnetic amplifier, we have used the levels that are characterized
by the quantum numbers M =%, + % 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=-¥%,% were used for amplification, and

a b c the auxiliary radiation excited transitions be-
tween the levels M=%, -%. The frequency
/V\ 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
f . radiation. It is clear from the photographs
erent power levels of the auxiliary ra- . . .
diation P, Fig.1a corresponds to how the _abso_rptlon line (1a) goes over into
P.x=0. Fig.1c corresponds to a an emission I_mg (1(_:) \_Nhen the power of the
value of P,, at which saturation is auxiliary radiation is increased. At 7~ 2K,
reached. Fig. 1b corresponds to an in-  the system became self-excited and acted as
termediate case a generator.

Fig. 1. Photograph of the M=% — ¥
absorption line at 3000 MHz for dif-

#Sov. Phys.-JETP. 1958. Vol. 7. PP. 1141-1142.
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NapaMarHMTHbIA YCUAUTENb U FreHepaTop
Ha XpOMOBOM KopyHae*

.M. 3eepes, J1.C. KopHneHko, A.A. MaHeHkoB, A.M. lIpoxoposB

dusnyeckmin MHCTUTYT uM. MN.H. Jlebeaesa Akagemum Hayk CCCP
MocTtynuno B pepgakumio 1 anpens 1958 r.

B [1] 6buUIO MpeaIoKeHO UCIIOIb30BaTh MOJIEKYJSIPHYIO CHUCTEMY, HMEFOLIY IO
TPU DHEPTeTHYECKUX YPOBHS, JUIS CO3JaHUS MOJICKYJISIPHBIX YCHIIMTENICH U reHepa-
TopoB. [lo3mHee 3ToT Bompoc ObUT Goliee eTanbHO PAcCMOTPEH B MPHUMEHEHHH K
napaMarHuTHBIM Kpuctaiuiam [2]. IMeroTcst cooOIIeH s O TIOCTPOMKE TPeXypOBHE-
BBIX MApaMarHUTHBIX YCHJIHTENCH C MCIOJIb30BAaHHEM MOHOKPHCTAIA ATUIICYJIIb-
¢ara ragonunus [3] 1 MOHOKpHCTaIa XpoMoBoro nuanuna [4, 5]. Hamu Obuia uc-
ClleloBaHa BO3MOXKHOCTH CO3aHHs MapaMarHUTHOTO YCHJIMTENS M TeHeparopa ¢
HCIIOIB30BaHIEM MOHOKpHCTAIIIA XpoMoBoro kopyHza (Al,Og Cr,03). Crexrp Cr*
B KOpYHJIE HccienoBancs B psge pador [6-9]. Mon Cr’* B xopyHze HaXOmZHTCS B
AKCHAJILHOM 3JICKTPUYECKOM II0JIe, KOTOPOE PaCUICIUISeT CIHMHOBBIA KBaAPYyILIET
HIDKHETO CHHTIJIETHOTO OpOMTAJILHOTO YPOBHS Ha JiBa JyOJieTa, pacCTOSHHE MEXIY
KoTopsiME paBHO 2D =-0,3824 cvt. Bpems crmu-pemeTodHoi pemaxcaruun Cret
Jake TP TEMIIEpaType JKHIKOTO a30Ta SBJISETCA JOCTATOYHO MMMHHBIM ~107c
[10].

JIsi mapaMarHUTHOTO YCHITUTEINSI MBI
UCIIOJIb30BAJIM  YPOBHHM, KOTOPHIE B Cilydae
napauieIbHOW OpPHEHTAIllMd OCH KPHCTaJlIa A
OTHOCHTEIIFHO BHEIIHETO MOCTOSHHOTO Mar-
HHUTHOTO TIOJISI XapaKTePU3YIOTCS KBAHTOBBI-
mu gucinamu M =¥, £ % . Tlpu noBopoTe ocu

KPUCTAJUIa COCTOSIHHS TIEPEMEUINBAIOTC H
CTaHOBATCS Pa3pElICHHBIMH MTEPEXO0JIbI MEXK-
Iy BCeMH TpeMmsl ypoBHAMH. s ycueHus

HCTIONB3YIOTCS YPOBHU M =—1%), %, a BCUO-  pye 1. dororpaduu JIMHAK [OTII0-
MOraTenbHOe H3IydeHHe BO30OykigaeT mepe- wenms M=3—> 1 na wacrore
XO/bl MeXTy ypoBHsAME M =%, —3. Yacto- 3000 MI'ii mpu pasiuuHbIX yPOBHSX
MOIIHOCTH BCIIOMOIaTEIbHOIO H3ILy-
yeHust P,,. Puc. la coorBercTByeT
Psen = 0; puc. 1é cooTBeTCTBYET MOIII-

Ta, HA KOTOPOW MPOUCXOIHUT YCHIICHUE (WU
reneparus), Obuta ~3000 MI'm, a uwacTtoTa
BcrioMorarenbHoro uanydeHust ~15000 MI . HOCTH Py, TIpH KOTOPO# JIOCTHIACTCS
Ha puc. 1 npusenensr dororpaduu ekt HacwlueHus; puc. 16 coor-
JIMHUH, COOTBCTCTBYIOIIHNC IICPEXOAY — % <>  BETCTBYET MPOMEKYTOUHOMY CIYJar0

# XOTP. 1958. T. 34, Bbin. 6. C. 1660—1661.
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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, J1.C. KopHneHko, A.A. MaHeHkoB, A.M. [lpoxopos

<> +% Ha gacrore 3000 M1 B 3aBHCHMOCTH OT ypOBHSI MOIIHOCTH BCIIOMOTa-

TeNbHOrO M3nyueHus. M3 dororpadumii BuaHO, Kak jauHMsA moriomenus (puc. la)
NEePEeXOAUT B JIMHUIO UcycKaHus (puc. 16) npu MOBBIILICHUH MOIHOCTH BCIIOMOTa-
tenpHOTO M3nydenus. [lpu 7~ 2 K cucrema camoBo30ykjaiach U paboTayia Kak
TeHeparop.

[MoapoOHBIe HaHHBIE 0 PabOTE MOCTPOSHHOTO YCHIIUTENsT OyAyT OIyOIuKo-
BaHBI MTO3/IHEE.

ABTOpHI BBIpaxaroT OmarogapHocts mpod. A.U. [llanpbHHKOBY 3a TIOMOIIb
MIpH MTPOBEJICHUH SKCIIEPUMEHTOB MTPH HU3KHUX 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 z, of conduction electrons (holes) will be much larger than the time z; 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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KBaHTOBOMEeXaHMUYeCcKue noslyrnpoBOAHUKOBbIE FreHepaTopbl
M YCUINTENN 3NIeKTPOMAarHUTHbIX Kone6aHunin®

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

dusnyeckmin MHCTUTYT uM. MN.H. Jlebeaesa Akagemum Hayk CCCP
[MocTynuno B pepgakumio 18 maa 1959 r.

B Hacrosmieii 3aMeTKe paccMaTpuBaeTCs BO3MOXHOCTD MCIIOIB30BAHUS 3JICK-
TPOHHBIX TIEPEXOJI0B MEXIY 30HOH MPOBOIUMOCTH (BaJEHTHOW 30HOM) M JOHOP-
HBIMH (aKIIENTOPHBIMU) TIPUMECHBIMH YPOBHSMH TTOJYTIPOBOJIHHUKA YISl OTYYCHHUS
JIEKTPOMAarHUTHOT'O M3JIy4EHUS C TIOMOILBI0O MEXaHW3Ma MHIYLIHPOBAHHOTO H3ITy-
YeHHs T0I00HO TOMY, KaKk 3TO IMEET MECTO B MOJICKYJIIpHOM renepatope [1].

I[JBI OCYHICCTBJICHUA IMOJYINPOBOAHUKOBBIX I'CHEPATOPOB U yCPIJII/ITeJIeﬁ HEC-
00X0IMMO TIOJIYYUTh TaKOE pacIpeielICHHe IEKTPOHOB (IBIPOK) B 30HE MPOBOAM-
MocTH (BaJICHTHOMH 30HE), Koraa 3((eKTUBHASL TeMIlepaTypa dJIEKTPOHOB IPOBOIH-
MOCTH (IBIPOK) IO OTHOLICHUIO K HOHU30BAaHHBIM JIOHOPaM (aKILEeNTopam) sBIseTCs
oTpuuaTenbHOH. Takol momynpoBoJHHK 00NagaeT OTPULIATEILHBIMU [TOTEPSIMHU Ha
Y4aCcTOTE MEPEXOI0B AIICKTPOHOB (IBIPOK) M3 30HBI MPOBOIMMOCTH (BaJICHTHON 30HBI)
Ha TPUMECHBIN ypoBeHb. [loaTOMy mpu 00iyueHHH HaxXOIAIIErocs B yKa3aHHOM
BBIII€ COCTOAHWU MOJYIIPOBOJHUKA SHCKTpOMaFHHTHOﬁ BOJIHOM MO>KHO IMOJIy4YUTh
YCHJIEHHE 3TOH BOJHBI 3a CUET KBAaHTOB MHIYLIMPOBAHHOIO HCIlycKaHus. boiee To-
ro, TMPH BHIIOJIHEHUH HEKOTOPBIX YCIOBUH (YCIOBHH CaMOBO30YXICHUS) TaKou
nprubop MOXeT paboTaTh Kak reHepaTop.

Ji monydeHus OTpULATENBHBIX TEMIIepaTyp IpeularacTcs HCIOJIb30BaTh
MEXaHU3M HOHHU3AlMU MPHUMECEeH MONYyNPOBOJIHUKOBOTO 00pasla, HaXOSIIEerocs
IIPY HU3KOHM TEMIIEPATYPE, MO JCHCTBUEM UMITYJIbCA 3JIEKTPUUECKOTO OIS,

[MukoBOE HaMpsDKEHUE WUMITYNIbCa BBEIOMpPACTCS] TAKMM, YTOOBI BBI3BATH yIap-
HYIO HOHM3AIMIO0 aTOMOB IIPUMECE MM HEMOCPEACTBEHHOE BhIpbIBaHue mojeM. [lpu
3TOM KOJMYECTBO DJIEKTPOHOB (IBIPOK) B 30HE MPOBOJMMOCTH (B BaJICHTHOW 30HE)
PE3KO BO3PACTaCT, TAaK YTO NMPAKTUUECKHU BCE aTOMBI IPHUMECEH OKa3bIBAIOTCSl HOHU-
30BaHHBIMH. [Ipy HOCTaTOYHO OBICTPOM CHaJaHWK HANPSHKEHHS UMITYJIBCA BCE DIIEK-
TpOHBI (IBIPKH) MepeiayT Ha Haubosiee HU3KUE YHEPreTHYECKHE YPOBHU COOTBETCT-
BYIOIIICH 30HBI. [IJIOTHOCTB 3JIEKTPOHOB (ABIPOK) M TEMIIepaTypa KpuUcTaia JOJKHBI
OBbITh BBHIOpAHBI TaKMMH, YTOOBI B 30HE MPOBOIMMOCTH (BaJICHTHOW 30HE) CO3/aBa-
JIOCh IIPU 3TOM COCTOSIHHE, OJIM3KOE K BBIPOXKIICHUIO, YTO SKBUBAJIEHTHO OTPULATEIb-
HOM TemIiepaType 1o OTHOLICHHIO K JOHOPHBIM (aKLENTOPHBIM) YPOBHSIM.

CocrosiHuE C OTPULATENBFHON TeMIlepaTypoil OyleT cOXpaHSIThCS B TCUCHHE
BPEMCHH PEJIaKCalMH JIEKTPOHOB (IBIPOK) C BAKAHTHBIMH IIPUMECHBIMH YPOBHSMH.

# XKIT®. 1959. T. 37. C. 587-588.

HacToswas paboTa 3aperncrpmposaHa KomuteToM no fgenam n3obpeTeHnin u OTKPbITUIA Npu
CoBeTe MunHuctpos CCCP ¢ npuoputeToM 7 nionsa 1958 r.
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the impurity concentration. During the interval z, 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, z; and
o, exist.
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[Ipu conepxanuu MpuUMeceid, TOCTATOYHO MAJIOM IO CPaBHEHUIO C YHCIOM aTOMOB
PELIETKH KPUCTAIUIA, BPEMsI KU3HU AIICKTPOHOB MPOBOJUMOCTH (IBIPOK BaJICHTHOM
30HBI) 7, 3HAYUTEIHLHO OOJIbIIE BPEMEHH 7 MEKIY CTOJIKHOBCHHUSIMH SJICKTPOHOB
(mpIpoK) ¢ permieTkol. Bpemsi 7 MOXeT ObITh PEryIUpyeMO KOHICHTPAIIUEH MprMe-
ceil. B TeueHne BpeMeHH 7, CHCTeMa MOXeET OBITh HCIIOJIb30BaHA B KadeCTBE Te-
HepaTopa WU YCHIHTENS 3JIEKTPOMAarHUTHBIX KonebOanuii. Yactora KoyeOaHmit
OTIpEIEISIETCSl PHEPTETHUCCKUM TOJI0KEHUEM YpPOBHEH MpHMecedl OTHOCHUTEIHLHO
OCHOBHBIX ToJIOC. McX0oqHasi MIMpUHA CHEKTPATIbHON JTUHUHU ONPECISICTCS IIUPU-
HOM SHEPreTUYECKOM MOJIOCHI 3aHATHIX YPOBHEH B OCHOBHBIX 30HAX.

s Toro utoObl cucTeMa paboTajia B PEKUME T'eHEpaluu, HEOOXOIMMO
YAOBJICTBOPHUTH YCJIOBUSAM CaMOBO30YKICHHUS, YTO CBSI3aHO C MOJA00pOM KO3(dhu-
[UCHTOB MPOXOXKACHUS U OTPaXKCHHUS BOJIH Ha rpanuiie odpasna [2, 3]. YMeHbie-
HUEM K03()(PHUIIMEHTOB MOBEPXHOCTHOTO OTPAKECHUS WIH YMEHBIIEHHEM pa3MepoB
o0pasiia MOKHO TIEPEBECTH CUCTEMY M3 PEXKHMA TCHEPAIMH B PEKUM YCUIICHUS.

Kaxxaprit *MIysIbC BHEIIHETO HAIPSHKEHUsT OyZIeT COMPOBOXKIATHCS 00pa3o-
BaHUEM COCTOSIHHS C OTPHUIIATEIHHON TeMIepaTypoi, T.e. Takas cuctema OynmeT pa-
060TaTh B UMITYJIbCHOM PEKUME.

[IpuHiun aecTBUS KBAaHTOBOMEXAHHUYECKHUX IOJYIPOBOJHUKOBLIX T'eHEpa-
TOPOB M yCHJIUTENEH, UCTIOIB3YIOIIUX AJIEKTPOHHEIE MTEPEX0IbI MEXIY IBYMsI pas-
JIMYHBIMH 30HaMH, HE 6yaeT OTINYATBECA OT PACCMOTPCHHOI'O0 BBIIIC, TaK KaK U B
3TOM CIJIy4ae CyIIeCTBYIOT /IBa XapaKTEPHBIX BPEMEHHU 71 U Ty.
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Experimental study of disk resonators
in the millimeter wavelength range*

A.l. 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 Q-factor at millimeter and submillimeter wavelengths:

27l -1
1

Q=22 1-k) &

where | is the distance between the mirrors, and k 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-Q-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 107, 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 13mm  one of its ends) into the resonator along the radius.

# Radiotekh. Elektron. 1959. Vol. 4, No. 12. P. 2094-2095.
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JKcnepuMeHTaNsbHOE uccsieaoBaHue ANCKOBbIX
pe30OHaTopoB B MWIJINMETPOBOM AMnana3oHe AJINH BONH?

A.UA. bapuyykos, A.M. lpoxopos

dusnyeckmin MHCTUTYT uM. MN.H. Jlebeaesa Akagemum Hayk CCCP
MocTtynuno B pegakumio 16 noHa 1959 r.

B [1] 6but0 MOKa3aHO, Y4TO CHCTEMa U3 JABYX MapaUICIbHBIX 3epKal MOXKET
UMETh JOCTATOYHO OOJIBIIYI0 JOOPOTHOCTh HA MUJUTMMETPOBBIX U CyOMUIUTUMET-
POBBIX BOJIHAX, & UMCHHO

27l 1
Q =7(1—k) . (1)

rae | — paccrosaue Mexny 3epkanamu, K — K03(DGHUIHUSHT OTpaKeHHs OT 3epKaJl.
®dopmyrna morydeHa B MPEAOIOKEHHN, YTO MOTEPH SHEPTHH MPOUCXOIST TOIBKO
TP OTPAXKEHUU OT 3epkall. [Ipemonaraercs Takxke, YTO BOJHA IUIOCKAsL.

B nanHO# paboTe onmucaHo MPOBEIEHHOE aBTOPAMHU SKCIIEPUMEHTAIEHOE UC-
cleoBaHNEe MUCKOBBIX PE30HATOPOB B AMaNa3oHe JIWH BOJH oT 3 mo 12,5 MM npu-
MEHHTENIFHO K 33j7auaM paaunocrektpockonuu (puc. 1 u 2). OnbIT MOKa3bIBAET, YTO
CHUCTeMa W3 JIBYX IMapauleJbHBIX 3epKal JOCTATOYHO XOPOIIO BO30OYKIAeTCs Kak
MarHdTHBIM, TaK W 3JEKTPUYECKHM IUTIONSMH C JOCTaTOYHO BBICOKOI JHOOpPOTHO-
cthio. Hampumep, Ha jyuHe BosHBI 12,5 MM mpu auamerpe auckoB D = 180 mm
obuta monyuera qooporHocts 7000-8000, uto cormacuo (1) cooTBeTCTBYET KO3(-
¢dunuenty orpaxxenusi, paaomy 0,999 npu | = 4.

UccnenoBanne CcTpyKTyphl HOJA TOKAa3ajo,
YTO DJIEKTPOMAarHUTHAs BOJIHA, Bo30ykKmaemas B
pe3oHartope, OIM3Ka K IIIOCKOH BOJIHE C BEKTOpaMHU
E u H, napamnensHpIME TIOCKOCTSAM 3epkait. [Ipu
W3MEPEHNH [UTMHBI BOJHBI B PE30HATOPE YCTAHOB-
JICHO, YTO JUIMHA BOJIHBI B HAIlPaBJICHHH, TIEPIICH-
JIUKYJSIPHOM K JWCKaM, COBMAafaeT C AJMHOW BOJ-
HbI B CBOGOJHOM IPOCTPAHCTBE ¢ TOYHOCTHIO 107,
OnpIT TOKazad, YTO METANITHYECKHE IPEIMETH,
CJIETKa BJIBHTaeMbIC B PE30HATOP C Kpas, MPaKTH-
YEeCKH HE BIMSIOT Ha PE30HAHCHYIO YacTOTy U A00-
potHOCTh. boee Toro, pesoHaHCHas 9acTOTa MMPaK-
TUYECKH HE U3MEHSIETCS, €CIIM JIUCKH 3aKpBITh IO
KkpasiM oseroid. [IMOTHOCTH HEPTUU MOJISL K Kpasm
IUCcKa 3HAYMTENLHO cragaeT. Yuciio IJIMH BOJH, Puc. 1. TuckoBbIii pe3oHatop Ha
YKJIAABIBAIOUIUXCS 10 PaJIUuyCy, MOXKHO YCTaHO-  Awamna3oH JuiuH BoH 11-13 MM

# PagMoTexXHMKa U 3NeKTpoHMKa. 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 4 =12.5 mm, only one maximum was observed. With decreas-
ing the wavelength at D = const, the number of maxima increases.

The disk resonator Q-factor weakly depends on the distance between the
disks down to | = (4-6)4/2. 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 Q-factor at wavelengths shorter than 2.7 mm; however, we can as-
sume that the disk resonators will yield a high-Q-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 107, 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. /luckoBblif pe3oHaTOp Ha AMAa3oH IIHMH BOJIH 4—8 MM

BUTh 3KCIIEPUMEHTAIBHO MPH ITOMOIIY BIBUTACMOTO B PE30HATOP B HAIpaBJe-
HHUH paiiyca OTKPBHITOrO BOJHOBOA, HA JAPYTOM KOHIIE KOTOPOTO HAXOIUTCS JICTCK-
Ttop. Ilpu D=180mMm u A=12,5mMm Habmromaercss TOMBKO OAMH MakcumyMm. C
YMEHbBIIICHUEM JIJTMHBI BOJIHBI pu D = CONSt YMCI0 MAKCMMYMOB BO3pacTaeT.

JoOpOTHOCTH JUCKOBOTO pe3oHaTropa ciabo 3aBHCUT OT PAcCTOSHUS MEXKIY
muckamu 10 | = (4-6)A/2. O4eBuIHO, 3TO IPOUCXOIUT BCIASICTBHE TOTO, YTO C POC-
TOM YKCJIa MOJNYBOJIH BO3PACTACT MOTEPs SJHEPTHUH HA U3JTy4eHHE, TaK KaK BOJHA HE
SIBJISICTCSL CTPOTO TuIocKoi [1].

JloOpOTHOCTDh JHCKOBBIX PE30HATOPOB B CHJIBHOM CTENEHU 3aBHCUT OT Ma-
paJUIEIBHOCTH JTUCKOB. BBUIO 3aMedeHo, 4To JTOOPOTHOCTH 3aMETHO YXYAIIAeTcCs,
€CITU yToJ MEXIY JUCKaMHU COCTABISIET HECKOJIBKO MHHYT. DKCIEPUMEHTAILHO YC-
TAHOBJICHO, YTO TMPH YBEIUYCHUH JUAMETpa TUCKOB IMPH 3aJIaHHOH JJIMHE BOJIHBI
YHCJIO PE30HAHCHBIX BBIOPOCOB CTAHOBHUTCS OOJIBIIC YKMCIIA MMOTYBOJIH (B Halpasiie-
HUH, MIEPIECHANKYIIIPHOM K auckam). Hampumep, nipu JuyinHe BOJHBI 2,7 MM | JHa-
Mmetpe aucka 180 Mm Obl1o 0OHapyxkeHo okono 100 pe3oHaHCHBIX MAKCUMYMOB Ha
MOJIYBOJIHE, B TO BpeMsl KaKk Ha JUIMHE BOJHBI 12—13 MM HaOIr0AaJICS TOJBKO OJMH
MAaKCHMYM. Y CTaHOBJIEHO, YTO C 3TOM TOYKH 3PEHHS ONTUMAIBHBIM JUAMETP JIUCKa
JIOJDKEH ObITh puMepHO B 13—14 pa3 Oosee MiiMHbI BOIHBL. [Ipu AuaMeTpe TUCKOB,
MPEBBIIIAIOINIEM JUTMHY BOJHBI TOJNLKO B 6—7 pa3, JOOPOTHOCTh 3HAYUTEIHHO YMEHB-
maercst. [Ipu quae BomHbl 4 MM 1 quamerpe aucka 100 MM 10OpOTHOCTH TUCKO-
BOT'O pe30HATOpa ObLIa HE Xy)Ke JOOPOTHOCTH Ha JiMHE BOJHBI B 12,5 MM mpu D =
= 180 mM. M3mepeHnne 1oOpOTHOCTH Ha BOJHAX Kopoue 2,7 MM HaMH HE MPOHU3BO-
JIAIIOCh, HO MOKHO TI0JIaraTh, YTO JUCKOBBIC PE30HATOPHI JaJIyT BEICOKYIO J0OPOT-
HOCTh ¥ Ha CYOMMJUTUMETPOBBIX BOJHAX, TaK Kak He ObLIO 3aMEYeHO, YTO OHa
YXyAIAeTCS ¢ YMEHBIIIEHUEM JITHHBI BOJHBI 0T 12,5 10 2,7 MmM.

Crnenyer 3aMETUTh, YTO C YMCHBILICHUEM JUTHHBI BOJHBI BO3HUKAIOT TEXHUYE-
CKHE 3aTpyAHEHHS B M3TOTOBICHHM W TNEpeCTpoiike pe3oHaropoB. Hampumep, Ha
JUIMHAX BOJH Kopoue 8 MM MPUXOAUTCS OTKa3bIBaThCs OT OOBIYHOW nuddepeHiu-
aNBHOW pe3b0bl IS TIepEeMENICHUs TUCKOB B TOJIb3Y THIPABIMYECKON MM TEPMHU-
YeCcKOH, oOecreunBaronux Oojiee TUIaBHOE NepemMernneHue. TpeOyroTcs TakkKe I0-
MOJTHUTENbHBIE TIPUCTIOCOOTICHHUS Il COXPAHEHHUS MapalieIbHOCTH AUCKOB TPH UX
nepeMenICHNH.

JlucKoBBIE Pe30HATOPBI MOTYT HAWTH MIMPOKOE MPUMEHEHUE HE TOJIBKO B CyO-
MHJUTUMETPOBOM 00JIACTH AJTMH BOJIH, HO ¥ B MIJJTUMETPOBON M CAHTUMETPOBOH 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 NH; 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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nactsix. OHI MOTYT GBITH aGCOMIOTHBIMU BOIHOMEPAaMH ¢ TOYHOCTHIO 10 107, T.e.
MOTYT JIaTh OOJBINYIO0 TOYHOCTh, YEM M3MEPUTEIIbHAS JUHUS. DTa TOYHOCTh MOXKET
OBITh MOBBIIICHA, €CITM BBECTH MOMPABKY HA HCKPHUBJICHHUE (DPOHTA BOJIHBI B JAHHOM
BOJTHOMEpE.

B paanocneKTpOoCKONUU JUCKOBBIC PE30HATOPBI MOKHO NMPUMEHSTH B Kade-
CTBE TIOTJIOIIAIONICH sTYSHKN C UCTIONB30BAHUEM MITAPK-MOIYJISIH. U3BeCTHO, 4TO
B MIJIJTUMETPOBOM 00JIACTH HCIOIB30BaHKUE IITAPK-MOIYJISIIMN 3aTPYAHEHO BCIICH-
CTBHE pE3KOr0 BO3pacTaHUS IMOTEPh B MaTepuayie, IOJICPKUBAIONIEM IITapK-
ANEKTPOJI. 3AeCh 3TO 3aTPyJHCHUE aBTOMATHUYECKU Hcue3aeT. Vcmoibp3ys mTapk-
MOJIYJISIIINIO, MBI HAOIOAH B TUCKOBOM pe3oHarope psaa auauii NH3 B muanaszone
24-26 T'T.

JII/ICKOBBIG PE30HATOPBI MOTYT OKa3aThbCsA BECbMa YJIO6HI)IMI/I IJI1 U3MCPCHUS
JUMONIEHBIX MOMEHTOB MOJICKYJ, TaK KaKk MOAYJUPYIOIIEE JJICKTPUYESCKOE IO
B HUX 0oJiee paBHOMEpHOE, YeM B BOJHOBOJAax. HakoHell, JHCKOBBIE PE30HATOPHI
MOHO MCIIOJI30BaTh B aMMHUAYHOM MOJIEKYJISIPHOM I'€HepaTope.
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Production of negative-temperature states in p—n junctions
of degenerate semiconductors?
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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]

Mo+ g > A, 1)

where g and g, are the Fermi quasi-levels for electrons and holes, and A is the
width of the forbidden band. If the p—n 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
guantitative 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 Uy, at
which a negative temperature can occur is given by*

Ui, =Ale, )

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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Mony4yeHue COCTOAHUI C OTPULIATENIbHOW TeMNepaTypou
B p—n-nepexoaax BblPOXAEHHbIX NONYNPOBOAHUKOB®

H.Ir. bacos, O.H. KpoxnH, O.M. [Tonos

dusnyeckmin MHCTUTYT uM. MN.H. Jlebeaesa Akagemum Hayk CCCP
MocTtynuno B pepgakunio 18 anpensa 1961 r.

[Ipu npunoxeHun K p—N-nepexony B MOJYNPOBOJHUKE HANPSOKEHUS B Mpsi-
MOM HallpaBJICHUH, BCJIEICTBUE YMEHBILICHHUA HNOTEHIUAIBHOrO Oapbepa, obpaso-
BAaHHOT'O INIPOCTPAHCTBEHHBIM 3apsioM B p—N-miepexoze, BOIM3M HEro BO3pacTaer
KOHIIEHTpalusl HEOCHOBHBIX HOCHTENEH Toka. MakcuMaibHass KOHIEHTPAIUs 3THUX
HOCHUTEJICH COOTBETCTBYET MOJIHOMY CHSTHIO MOTEHIMAIBHOTO Oapbepa BHEIIHUM
MOJIEM U TIO TOPSAKY BEIMYUHBI paBHA MX KOHLEHTPAIIMM B TOW YacTH KpUCTaIa,
IJle OHHU SIBJISIFOTCSI OCHOBHBIMH (MBI CuMTaeM p—N-niepexoi pe3kum). OTpuiaTeis-
Has TeMIlepaTrypa B MEXIy30HHBIX IE€pPeXoJaX BO3HUKAET TOJIBKO B TOM CIydyae,
KorJa KBa3nypoBHH PepMH, COOTBETCTBYIOIINE HEPABHOBECHBIM KOHIIEHTPALMSIM
3JIEKTPOHOB U JIBIPOK, YIOBJIETBOPSIOT ClIeAYIOIeMy yciaoBHo [1]:

He + 1y > A, (1)

TI€ le U [ — KBa3sUypOBHU DepMM IS JJIEKTPOHOB U JBIPOK, A — IIMpHUHA 3a-
IIpEIeHHON 30Hbl. [Ipu NpUioKeHnn K p—N-Nepexoiy HalpsDKEHUs B IPSIMOM Ha-
MpaBJICHUM KBa3nypoBeHb DepMu HEOCHOBHBIX HOCUTEIICH BOJIM3H mepexojia OyaeT
0sM30K K ypoBHIO DepMU TOW YaCcTH KpPHCTAILIA, TAEC STH HOCUTEIH SIBJISIOTCS OC-
HOBHBIMHU. B aTOoM ciyuae u3 ycnosust (1) crieayer, uro, mo kpaitHeit Mepe, B OHOM
4acTu p—N-TIepexo/ia HOCUTENU JIOJKHBI OBITh BHIPOXKICHBI. [loiympoBoaHuKu ¢
TaKMMH p—N-TIEPEXOIaMH SIBJISIFOTCS TYHHEJIbHBIMU JHOAaMHK [2], olHAaKO paccMaT-
pUBaeMbIii MEXaHU3M BO3HWKHOBEHWHS COCTOSHHIA C OTPUIATENILHON TeMIlepaTypoi
COOTBETCTBYET HE TYHHEIHHOU, a Mu(Py3nOHHON JaCTH BOJIBTAMIIEPHON XapaKTe-
PUCTHKY TYHHEIHFHOTO AHO/A.

B p—n-mepexomax CWIBHO BBIPOKACHHBIX IOIYIPOBOIHUKOB COCTOSHHE C
OTpPULATEIBLHON TEMIIEPATYPOIl BOBHUKAET PaHbIIIE, YEM IPOUCXOIUT IMOJHOE CHS-
THE TMOTEHIHAJIBHOTO Oaphepa, YTO JaeT BO3MOKHOCTh UCIOIB30BaTh IS MOTyde-
HUS KOJIMYECTBEHHBIX OIEHOK TU((HY3UOHHYIO TEOPHUIO TOKA Yepe3 p—N-Tepexo/l.

Kak nerko mokasath, MUHMMaJIbHOE 3HAYCHHE BHEIIHETO HanpsnKeHUst Unin,
TIPH KOTOPOM BO3HHKAET COCTOSIHHE C OTPUIATEILHOMN TEMIIepaTypoii, paBHO™

Ui, =Ale, )

# X3T®. 1961. T. 40. C. 1879-1880.
1 B cnyyae HenpsaMbix nepexogos [3] npu HM3KKMX TemnepaTypax obpasua B dopmyne (2) Be-
NMYKNHY A cnepyeT 3aMeHUTb Ha A—¢€, rAe € — 3Heprusa nsnyyaemoro hoHoHa.
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| ~—(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 — 3apsia 21ekTpoHa. [InotHOCTh ToKa | (HampuMep >IeKTpOHHAsT KOMITOHEH-
Ta) 10 MOPSIAKY BEIUYMHBI PaBHA

| ~—(eDn, /L) exp(eU/KT), 3)

rae D — koadduuuent quddysun, L — muddysuonnas anuza, n, — MIOTHOCTh
ANIEKTPOHOB B p-4acTH MOJIYNPOBOTHMKA. AHamu3 (opMyisl (3) mokas3pIBaeT, 4ToO
IUIOTHOCTh TOKA YMEHBIIAETCS C YBEINYECHHEM CTEIICHHU BBIPOXKIACHHS U C TIOHIKE-
HUEM TeMITepaTypsl 00pasma. DTo 0OCTOATEIHCTBO AT BO3MOXKHOCTH ITOITYYaTh
COCTOSIHHE C OTPHUIATEILHOM TeMITepaTypoii B CTAllHOHAPHOM pekuMe. OHaKo OT-
pHULIATENBHBIN KOX(QQHUIMEHT NOTJIONICHUS BCISACTBIE HAIMYUS Pa3IHYHBIX MeXa-
HU3MOB a0COpOLMU U3ITyYEHHs B ITOJYIPOBOJHUKE BO3HUKAET IPH CPABHHUTEIHLHO
Gombimx (~10™ cm™®) HepaBHOBECHBIX KOHIEHTPALMAX HEOCHOBHBIX HocuTenei [3],
YTO JiefiaeT HEBO3MOKHBIM paboTy MpH OYEHb MaJbIX 3HAYEHUIX TNIOTHOCTH TOKA.

[pocTpancTBeHHas 00acTh, B KOTOPOH BOZHHKAET COCTOSIHUE C OTPULATEITh-
HOHM TeMmeparypol, oOpasyercst B cioe BOIU3U p—N-Tiepexoa ¢ TOJNIINHOMN TopsaKa
i (y3HOHHOHN JUTMHBI. BBICOKHE MIOTHOCTH OCHOBHBIX HOCHUTEJIEH TOKa B BBIPO-
’KICHHBIX ITOJYIIPOBOJHHUKAX, OKPY’KAIOIIMX 00JAcTh C OTPHUIATENIFHON TeMmepa-
TYpOH, MO-BUIUMOMY, MOTYT OBITH MCIOJIB30BAHBI B KAUECTBE OTPAKAIOIINX H3ITY-
YEeHUE MTOBEPXHOCTEMH, T.€. CIIY)KUTh KPE30HATOPOMY.

3aMeTHM, YTO CHIKEHHUE MIIOTHOCTH TOKa MOXKET OBITh IOCTUTHYTO B CIIydae,
KOT/Ia TIOJYTIPOBOAHUKH, 00pasyonme p—N-nepexol], UMEIOT Pa3InyHyl IIHPHHY
3aIpeIIeHHON 30HBI.

PexomOMHAIIMOHHOE CBEUYEHHE B p—N-TIEpeXxo/ax B BEIPOXKICHHBIX ITOIYIIPO-
BoJHMKaX HaOmoxanock [TankoBbiM [4]. BBUay TOro, 4TO OTpUIATENIbHAS TEMIIC-
patypa BO3HHKAET Mpu OoJiee HU3KUX KOHICHTPALMSIX HOCUTENEH, YeM COCTOSIHUE C
OTPULIATETBHBIM KO (PHUIIMEHTOM MOTJIONMICHHS, JUT OOHAPYKEHUS OTPULIATEIbHON
TeMIlepaTypsl IeJIeco00pa3Ho HaO0IaTh W3MEHEHHE BOJIBT-aMIIEPHBIX XapaKTe-
PHUCTHK 00pas3Iia mpH 00JIy4eHUH IIEPEX0/ia CBETOM COOTBETCTBYIOIICH YaCTOTHL.
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Molecular photodissociation as a means of obtaining
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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
w z wo 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 N3/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 wa,.

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° cm™) 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 k, can be written in
the form

2
k=222 9 g [Exde )
4 yA o,

Here, v, 4, and Ag, are, respectively, the wavelength, the line width, and the Einstein
coefficient for the 3 — 2 transition; A; is the total decay probability for level 3,
E., is the spectral power density (W/(cm? Hz)) of the exciting radiation; ,, is the ab-

>y

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

1 We note that the inequality Ni/gs = N./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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doToamnccoumaLma MOJIeKyJ1 Kak cnocob nonyvyeHus cpeabl
C oTpMuaTenbHbIM KO3 dULUMEeHTOM nornouweHms’

C.r. Paytnan, U.. CobenbMmaH

dusnyeckmin MHCTUTYT uM. MN.H. Jlebeaesa Akagemum Hayk CCCP
Moctynuno B peaakuunto 19 oktabpsa 1961 r.

WHBepcHOE 3acesieHre YPOBHEH pa3InuHbIX CHCTEM (aTOMOB, MOJICKYJI, KPH-
CTaJJIOB M JIP.), YTO MPUBOJMT, KaK M3BECTHO, K OTPHUIATEILHBIM KO PHITHEHTaM
MOTJIOMICHHUS, MOXET OBITh TOJYYEHO C MOMOIIBIO ONMTHYECKOTO METOIa BO30Y K Ie-
Hus [1-7]. Hioke o0cysxaaeTcsi HOBbI BapHaHT 3TOTO METO/IA.

Peup maer o nonyveHun BO30YXJIEHHBIX aTOMOB B pe3ylibTare (OTOIUCCO-
AU MOJIEKYJI. PaccMOTpUM pajy MpOCTOTHI JAByXaToMHyr0 Monekyny XY. Ha
PUCYHKE TPUBEICH DS THUNUYHBIX MOTEHIMAIBHBIX KPHUBBIX, COOTBETCTBYIOIINX
OCHOBHOMY M BO30Y’KJIE€HHBIM DJIEKTPOHHBIM COCTOSHHMSM MOJIEKYINbI (B TpaBOi
CTOpPOHE PHCYHKA IMOKa3aHbl ypoBHU aroMa X). BO3MOXHBI /iBa THITIA TAKHX KPUBBIX
(crutomIHbIe ¥ MYHKTHPHBIC JIMHAW Ha PUCYHKE); BCE JajlbHEMIee B PaBHOW Mepe
oTHOCUTCS K 0bouM tunaM. [ornomenne HOTOHA YaCTOTHl @ X Wy COMPOBOXKIALT-
csl JiMcconManueil MOJeKybl, B Pe3yibTare 4ero OJuH u3 atoMoB (Hampumep X)
MOYKET OKa3aThCs B BO30YKIEHHOM COCTOSHHM. IIpH ONMpeaeNeHHBIX YCIOBHIX
(cm., mammpumep, [1]) obGpasyercst HHBEpCHOE pacIpeneeHne aTOMOB X II0 YPOBHIM
3 u 2, T.e. BeimoHsAeTcss HepaBeHCTBO N3/Qs > No/Q,, rie N u g — 3acesieHHOCTH U
CTaTUCTUYECKHUE BeCa COOTBETCTBYIOIIMX YPOBHEH, MOKA3aHHBIX B MPABOW YaCTH
prcyHKa®. DTa HHBEpCHAs 3CEIEHHOCTh MOXKET OBITh HCIIONB30BAHA ISl YCHICHHUS
Y TeHepalny 3JIeKTPOMArHUTHOTO U3TYYEHHsI Ha YaCTOTE aTOMHOTO MEPEX0/ia mg;.

[MpuHIMNHATEHO BaXKHAs 0COOCHHOCTh 00CYKIaeMON CXEMBI COCTOUT B TOM,
YTO MOTJIONIECHUE SHEPTHH MOJIEKYJIO MPOUCXOIUT B CPABHUTEILHO IIUPOKOH 00-
nactu crnektpa (~10° cM™?), Torma Kak IIMPHHA ATOMHOM JIHHHH H3ITyYCHHS Maia
(~0,01-0,1 cM™). D10 GNArONMPHUATCTBYET MOTYYCHHIO GONBIINX KOIDDHUIHEHTOB
yeuienus K. JIelcTBUTEIbHO, BhIpaskeHHe TS K, MOKHO 3aITUCaTh B BHIIC

2P Q

e Q7 [Exde (1)

>y
3mech y, A 1 A3; — COOTBETCTBEHHO JIFTHA BOJIHEI, IIPUHA JIMHAH B KOIPHHUITHEHT

OiiHImTeHa A Tiepexoja 3 — 2; A3 — TOJHAs BEPOSATHOCTH pacliafa YpoBHSA 3,
2
E., — cnekTpanbsHas mioTHOCTE ocBereHHocTH (Bt/(cm”I'11)) BO36y kaaromiero us-

# X3Td. 1961. T. 41. C. 2018-2020.

: OTMeTUM, 4To HepaBeHCTBO Na/gs > N;i/g; MPaKTUUECKU HEBBLIMNOAHUMO, TaK KakK BPeMs >XW3-
HM aTOMa B OCHOBHOM COCTOSIHUM, OmnpeaensemMoe pekoMbuHaumemn, npuannaHmeM K CTeHKam
M T.MN., MHOro 60sblue BpeMEH XN3HWN BO36YXXAEHHbIX COCTOSIHUN.
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U sorption coefficient associated with the dissociation
X(3)+Y process XY — X(3) + Y. The quantity Q is obviously
\/”h'wﬂI 3 the power absorbed per unit volume as a result of this
Seaoo 2 process. If E, varies slowly in the region of effective
K(EZ)W absorption, then
2 pa—

Q-Efl, k-lIwell o

hag X(1)+Y @ Ay
- 1 where i, is the mean value of «,, 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 = (Ag,/As)['/y >. When the atom is excited di-
rectly [1, 2], As/As <1 while the widths T" and y are usually determined by the
Doppler effect, i.e., I'/y = wolws, < 10. Consequently M < 10 in this case. In crystals
I~10°cm™, y~1-10cm™ and Ag/A; <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=0.03cm™, 2=1pum, 1= 2xc/w, =2000 A) gives k, = 0.3QAs/A;,
where Q is expressed in units of W/cm?®. Consequently even with relatively low
values Q ~ 1 W/cm?® we can obtain k, = 0.3 cm™, 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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JNydeHus;, k, — KodQQUIMEHT nornomenus, odycnos- U
aeHHoro mupoueccom muccormamuu XY — X(3) +Y.
Benmnunnaa Q ecth, OYEBHIHO, MOUIHOCTb, TOTJIOLIAE-
Mas B eIUHHUIE 00beMa B pe3yibTaTe TOro mporecca.
Ecmu E, mano mensercs B obmactu 3)peKTUBHOTO TIO-
TJIOUICHUS, TO

X@Y
\i‘— hwﬂI 2
X2

2 —
Q=E«&, I, K :/1_%&51 (2) fioo| s @yry
T 4 ey Ay ¢)
g
rue K, — CpeiHee 3Ha4YeHHE K, a | — MIMpHHA M0JI0- /
cbl nornomienns. Jlerko nmokasars, uro (1) u (2) cipa- 0 r

BE/UJTUBBI U BO BCEX JPYIMX BapUaHTaX ONTHYECKOTO
MeToa Bo30yxaeHus. M3 (2) BUIHO, YTO MPH MPOYHX PABHBIX YCIOBHUSIX BEIMUYMHA
k., ompenensiercs 3HadeHHeM mapamerpa M = (Ag/As)[/y 2. B ciiydae Bo3GYKueHHs
HerocpeacTBeHHO atoMa [1, 2] As/As < 1, a mmpuns! ', y 00BIYHO OMPEeIsSIOTCS
apdexrom [ommrepa, T.e. I'/y = wolws, < 10. CrnemnoBaTensHO, B 3TOM Cliydae
M < 10. st kpucramioB I' ~ 10° em™, y ~ 1-10 em ™, Ago/As < 1 [3-6] 1, cienosa-
TenpHOo, M ~ 10°-10°. B MpeJjIaraéMoM K€ METOJ€ CHEKTP IMOIJIOIIEHUS CTOJIb K€
mpoK, Kak 1 B kpucrammax (I ~ 10° cM™), HO y 3HAYNTENTBHO MEHbIIE, 3 IMEHHO, B
BUIMMON M OmimkHel HH(pakpacHoii o6macTsx y ~ 0,01-0,1 cm™. Tlostomy mpu
AgolAs ~ 1 umeem M ~ 10*-10°. Takum 00pazoM, OOBEAMHSIIOTCS TOJOKUTEITHHBIC
CTOPOHBI TIEPBBIX JBYX CIy4aeB — IMUPOKHUH CHEKTP BO30YKIACHUS W aTOMapHBIN
CIIEKTP HM3JTyUYECHHUS.

OrieHKa a0CONMIOTHON BETHYUHBI KOOQ(UIIUEHTA MOTIOIIEHHS IS THITHIHO-
ro ciaydas (y = 0,03 em Y, =1 MrM, Ay = 27wy = 2000 A) naer k, = 0,3QAs/As,
rae Q Beipaxkeno B Br/cm®. CrienoBaTensHo, yke IPH CPABHUTEIBHO HU3KHX 3Ha-
yenuax Q ~1 Br/em® MoxkHO nonyuuts K, =0,3 em, uro HamHOrO MIPEBOCXOIUT
3HaueHue K, He0OX0IMMOE TS TOCTHIKEHHS ITOPOTra TeHEPAITHH.

Bce ckazaHHOe BbIIIE O IByXaTOMHBIX MOJICKYJIax B PABHOW Mepe OTHOCHUTCS
U K MHOTOATOMHBIM MOJIeKyJiaM. [103TOMy B MPHUHIIUIE UMEIOTCS IMUPOKHE BO3-
MOYKHOCTH JUIi BBIOOpa MOAXOASAIINX O0O0BEKTOB. Pasymeercs, HYKHO yYHUTHIBATH
psT OOCTOATENBCTB, BaXKHBIX C MPAKTUYECKOW TOYKHM 3peHus. Tak, cucreMa TepMOB
JIOJDKHA OBITH TAaKOM, YTOOBI YaCcTOTa (g HAXOAMIACH B JIOCTYIHOW OONACTH CIICK-
Tpa; ’KeJarejbHa OOJbIas yIPyrocTh mapa IpU YMEPEHHBIX TeMIlepaTypax; Hau-
Oosee ymoOHBI BEIECTBA, MOTYIIIHE PETCHEPUPOBATHCS B pabodeM cocynme, 0o
MPOAYKTHI pacmaaa JOJDKHBI JIETKO YAAIATHCS U3 cocyaa U T.i. OmHAKO OCHOBHAsS
TPYAHOCTH B BBIOOPE OOBEKTOB COCTOMT B TOM, YTO XOPOIIO M3yYE€HBI JIKIIb MPO-
necchl (hOTOUCCOIMAINH, TIPU KOTOPBIX OJMH M3 aTOMOB OKa3bIBaeTCs Ha pe3o-
HaHCHOM ypoBHe [8].

2 BennunHa k,, ornpenensietcs Heo6X0AMMOCTbIO NMPOCBETUTL 06paseLl U B pas/IMUHbIX Bapu-
aHTax ONTUYecKoro BO36YyXAeHUs MO NOPSAKY BeNnYMH 6nmnska K eavHuue. MpakTuyeckn
5TO AOCTUIraeTcsl COOTBETCTBYIOWMM BbIGOPOM KOHLIEHTPaLUKM NOMIOLWAoWMX LEHTPOB.
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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

@, = 1+ @, 1)

(the particular case when w1 = 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*

e(t, x,w) =gy (w) {1+ m |:ei(wpt_kpx) + e (@t ]} )

(the x axis is perpendicular to the separation boundary).

Assume that the waves at frequencies w; and w, have components E, = E, Hy,
H, H,, and assume that their wave vectors make angles ¢; and 6, with the x axis.
The electric field in the medium will then be described by the equations

10D_0E, 0°E
¢ ot?  0z* ox*

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 oAHO1 BO3MOXXXHOCTH ycuineHunsa CBeToBbIX BoNnH*

C.A. AxmaHoB, P.B. XoxsnoB

dusnyeckmin MHCTUTYT uM. MN.H. Jlebeaesa Akagemumn Hayk CCCP
MocTtynuno B pegakumio 29 masa 1962 r.

[TpenmeroM HacTOSIIEH 3aMETKU SBISETCS OOCYXKICHHE HEKOTOPBIX BO3-
MOYKHOCTEH YCHJICHUsSI U TeHEePAIly CBETOBBIX BOJIH B ONTHYECKHU MPO3PAYHBIX KPH-
CTaJlIax, MOJSIPU3ALUs KOTOPBIX HEIMHEHHO 3aBHCUT OT HANPSKEHHOCTH JIICKTPH-
YECKOro MOJIsl pacpOCTpaHsoIeiicss BOMHbI. HelnHeHHOCTh yKa3aHHOTO TuMa (ee,
OYEBH/HO, MOYKHO PAacCMaTpHBaTh KaK 3aBHCHMOCTb JUIJIEKTPHYECKOI MpOHHIIae-
MOCTH OT 10JisT) ObLTa YCIEUIHO UCTIOIb30BaHa B PsIIe OMMCAHHBIX HEIABHO JKCIIe-
pumentoB (cM. [1-3]) mo reHepaiyu ONTHYECKUX T'APMOHHK. ECTECTBEHHO, UTO
9TUM HE UCUCPIBIBAIOTCS BO3MOKHBIC HETMHEHHBIE YP(EKThI B TAKMX KpUCTAJLIAX.
Hmxe OyzmeT mokaszaHo, YTO MPU ONPENCNICHHBIX YCIOBHAX B ONTHYECKU MPO3pay-
HOH cpefie, MOJSIPU3aIisi KOTOPOi KBaApaTUYHO 3aBUCUT OT HAIMPSHKEHHOCTH 3JICK-
TPUYECKOTO MOJIsI, MOKET OBITh MOJYYEHO MapaMeTPUYECKOe yCUIICHHE Oerymmx
CBETOBBIX BOJIH, OCYILECTBISIEMOE 33 CYET SHEPTHH WHTCHCHBHOH CBETOBOW BOJIHBI
(Tak Ha3pIBAGMOIl HAKAYKH) M YTO YCIIOBHS MapaMETPHUYECKOrO YCHIICHHUS MOTYT
OBITh peaar30BaHbl B OTHOOCHBIX KPUCTAILIAX.

Kaxk u3BectHo (cM., Hanmpumep, [4, 5], a Taxke 0630p [6]), B 0OnacT ocHOB-
HOTO TapaMeTPUYECKOro PE30HAHCA DHEPrHs WHTEHCUBHBIX KOJCOAHUI HaKauKu
YACTOThI (U, TPOU3BOSIIMX MOIYJISIIUIO PEAKTHBHBIX MapaMeTpOB KosieOaTeIbHON
CHCTEMbI WM TIepE/IatolIeii IMHUHU, MOXKET TepeaBaThCsi KOJeOaHUsIM Ha 4acToTax
@1 ¥ 7, IOBIETBOPSIONIUX YCIOBHUIO

w,= 0, + @, 1)

(B wacTHOM citydae w; = Wy = w,/2 — TaK Ha3bIBaeMOE «BBIPOXKICHHOE» Mapamer-
pudeckoe B3aumozencTBue). sl BhIACHEHHS 0COOCHHOCTEH TaKOro B3aUMOJICHCT-
BUS B [IPOCTPAHCTBE CIIEAYET PACCMOTPETh IOIyOrpaHUUEHHYO Cpealy, IUDJIEKTPU-
YecKas POHUIIAEMOCTh KOTOPOI M3MEHSIETCS TI0 3aKOHY

e(t, X, w) =&, (a,){1+ m[eiwnt—kﬂx) 4+ i@tk ]} )

(och x mepIeHANKYIAPHA TPAHUIIE PA3/ILIIa).

[TycTh BOMHBI Ha YACTOTaX ; U W, UMEKOT KOoMIoHeHTH E, = E, H,, H, H,, a
MX BOJHOBBIC BEKTOPBI 00Pa3yrOT ¢ OChIO X YIiibl 61 U 0. Toraa 3JeKTpUYecKoe mo-
Jie B cpesie OyIeT ONMUCHIBATHCS YPAaBHEHUSIMHU

# XOTD. 1962. T. 43. C. 351-353.
' KoadduUMEHT MOAYASLMM M NpU UCMOMb30BaHUN COBPEMEHHBIX KOrE€PEHTHbIX FreHepaTo-
poOB CBETa MOXeT 6bITb ~107*—107° (cM. [7]).
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and the summary field can be written in the form
E = E;(x)exp{i(ant —Kkyr)} + E; () {-i(ant —k,r)} + c.c.,

ki = oc ™ eo (@),

Substituting (4) in (3), taking (2) and (1) into account, and collecting the
components with frequencies w; and w,, we can obtain the differential equations
that characterize the spatial variations in the amplitudes Ej,. It turns out here that
the presence of the term ¢E 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:

Ky +K; =K, ()

(4)

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

dE; _ imiky £ d_Egz im,k, £

dx ~ 2cosd, dx  2cosé,
and consequently

d’E,  mymykek,

dx>  4c0s6, cosb,

E (m=m(@)). (6)

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

a= %[mlmzklkz/cos 6, cos b, ]1/2.

Assuming that E; = Eq and E, = 0 when x = 0 (oscillations of “difference” frequency
w,, 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,

()

E, =iEq+/m;k, cos 6 /mik, 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, = 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 o,
or for the refractive indices

2 Of course, if (5) can be satisfied at all.
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10D _0E, O°E
¢ ot? 0z* ox*

D =¢E, (3)

a CyMMapHO€ I10JIC MOYXHO 3aIllicaTb B BUAC
E = E;(x)exp{i(mrt - Kir)} + E; () {-i(w,t —k,r)} +x.C.,

ki = oc ™ J&o (@),

IMoxacrasmsis (4) B (3), yuutsiBas (2) u (1) 1 cobupasi cocTapisOLIHE C Yac-
TOTAMH @1 M 2, MOXHO TOJY4YUTh AU QepeHIranbHble YpaBHEHHUs, XapaKTepH-
3yIOIIMe U3MEHEHHSI B IPOCTPaHCTBEe aMILUTYy] Ej,. [Ipu aTOM OKa3wiBaeTcs, 4TO
Hanmuune uiaeHa ¢E B ypaBHenuu (3) CyHIeCTBEHHO BIHACT HA MOBEICHNUE aMITIUTY
Ei, ¥ MOXeT NpUBECTH K YCHJICHHUIO JIUIIb IPH BBINOJHEHHH CIIEAYIOLIETO COOT-
HOILICHHS (3aKOHA COXPAHEHUS UMITYJIbCa):

k1+’k2 ZI(H. (5)

(4)

HJ‘IH MaJIbIX M €CTECTBEHHO OpeaAnoJIOXKUTh, YTO
d°E, /d’ <k dE; /dx  (i=1, 2).
Torna ypaBHenus juis E; , umerot Buj

dE;  imk; s dE, _ imyk, .

dx ~ 2cosq, dx  2cosd,
", CJICO0BATCIbHO,

d’E,  mymykek,

dx>  4cos6, cosb,

B (m=m(a)). (6)

U3 (6) BUIHO, 4TO B paccMaTpuBaeMoOi cpejie BO3MOKHBI IKCIIOHEHIIUAIBHO Hapac-
TaIOIIME BOJIHBI, (aKTOp HapacTaHHUsI KOTOPBIX

a= %[mlmzklkz/cos 6, cos b, ]1/2.

IMosaras pu X = 0, uto E; = Eg u E; = 0 (kome6Ganust «pa3HOCTHOM» YaCTOTHI (p, He-
00XOaMMBIE JUISl yCUIICHHS, BOSHUKAIOT B HEIMHEWHOH cpelie, yroi ¢ omnpexaensercs
YCITIOBUSIMHM TIAJICHHSI M CBOMCTBaMHU CpeIbl, a yroi ¢, aBTOMaTHYECKH YCTaHABJIMBA-
eTcs, coracHo ycinosuio (5)°) ¥ MCIONB3ys IPAaHIYHbIE YCIOBHS, IOMyYaeM

E, = E, coshax,

(7)

E, =iEg\/myk, cos 6 /myk; cosé, sinh ax.

JIsi KOHKpeTH3anuu TpeOOBaHWNA K JUCTICPCHOHHBIM CBOMCTBAM HETHHEH-
HO# cpexabl (5) paccMOTpuUM ISl MPOCTOTHI Cilydail w; ~ w; = w. Torma u3 (5)
CIIE/Iy€eT, UTO JJIsI OTyUeHHUs yCHIeHHs (ha3oBasi CKOPOCTh Hakauku (dactora ~2m)

2 pazyMeeTcs, ecnu (5) MOXET 6bITb BOOBLLE BbIMOHEHO.
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n(w) > 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

& = £ | 1+ My cos(ayt — Ky X) +m, cos(w,t +kyX) |.

Assume that the amplification conditions for the frequencies w; and w, are satisfied
in the directions 6, and 6, respectively. Then, by establishing the planes of the mir-
rors normal to rays 1 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/,/Q,Q,, where Q,, 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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AO0JDKHa NPEBLIIIATH (1)8.30BYIO CKOpPOCTb BOJIHBI Ha
YacTOTE (v, UM AJIS IMOoKa3aTeek IIPEIIOMIICHUA

n(®) > n(2w). @)

VenoBue (8) MOKeT OBITh BBIMOJHEHO, HANPUMED, B
OJTHOOCHOM OTpPHUIIATEIbHOM KPHCTAJlIE, €CIIH 4acToTa
 (curHan) Bo30yKmaeT OOBIKHOBEHHYIO BOJIHY, a Jac-
ToTa 2w (Hakauka) — HEOOBIKHOBEHHYIO (CM. Takike
[2]). Cxazannoe o3HauUaer, 4TO B TAKOM KPHCTAIIIE MO-
T'yT OBITH pEaTM30BaHbl YCIOBHS CCIIEOBAHHOM BBIIIIE
3a/1a4H.

PaccMOTpeHHBI MEXaHU3M YCHJICHHS MOXKET OBbITh HCIIOJB30BaH Ui IM0-
CTPOEHUS TIEPECTPANBAEMBIX 110 YaCTOTE KOTEPEHTHBIX ONTHYECKUX TE€HEPATOPOB.
OnHa 13 BO3MOXKHBIX CXEM TAaKOro TeHepaTropa mokasaHa Ha pucyHke. OrpaHuueH-
HBIH C IBYX CTOPOH KPUCTAJLT MOMEIICH MEKIY JABYMs IIapaMH MapauIeIbHbIX 3ep-
Kas. B aTOM ciiydae IuaseKTpuuecKas POHUIIAeMOCTh HMEET BUJT

£ = & 1+m,, cos(a,t —k,X) + Mg, cos(w,t +K,X) |.

o0p
HyCTB YCIIOBUA YCUIICHUSA JJIA 4aCTOT W1 U 7 BBIIIOJIHCHBI B HAITPABJICHUAX COOTBET-
CTBCHHO 91 nu 62. TOFI[a, yCTaHaBJIMBasd IMJIOCKOCTH 3€PKaAJI HOPMAJIbHO K JIy4aM lu 2,
MOKHO B036y,£[I/ITL mapaMeTpuICCKUe KoyieOaHus Ha qacToTax, ONM3KHUX K w1 U 3.

VcemoBre caMoB030YXIeHNS TeHepaTtopa uMmeeT Bug M >1//Q,Q, , rme Q2 — mo6-

POTHOCTH ONTHYECKHX PE30HATOPOB, 0OPA30BAHHEIX MTAPAILIEIBHBIME 3epPKATaAMU-.
[TprunHOM, OrpaHUYMBAIOIIEH aMILTUTY Iy CaMOBO30YKIAIOLIMXCS KOJIeOaHuH,
SIBIISTETCST OOpaTHasI X PeakiTis Ha IoJie HaKadku, 3To o3Hadaet, uto KIIJI paccmar-
pHBaeMOro reHepaTopa JI0JbKEH OBITh JOCTaTOYHO BBICOK. TakuMm 00pa3oM, Bo30yx-
Jlasg KPUCTAJUI C HEJIMHEWMHOW NOJISPU3YEMOCTbI0 MHTEHCHUBHOW CBETOBOW BOJIHOM,
MOXKHO peallu30BaTh MEPECTPAUBAEMbIE 10 YaCTOTE YCUJIMTEIN U T€HEPATOPhl CBETA
co 3HauutenbHbIM KIIJI. MI3MeHssi mapamMeTpbl aHU30TPOIMUA KpUCTaIa BHEITHUMU
MOJISIMHM, MOYXKHO BJIMSATH Ha YCJIOBUS DHEProOOMEHa MEXIy BOJHAMH H, CIICAOBa-
TEJBbHO, TIPOU3BOINTH MOTYJISIIIVIO YCUIMBAEMBIX WA TEHEPUPYEMBIX KOJIeOaHUH.
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NogokownE

S OTMeTVM, YTO NOCKOMbKY Q;, Q2 B ONTUUYECKOM AManasoHe BeCbMa BEeMKKU, CaMoBO36Yyxae-
Hue KonebaHuit NpeacTaBASETCA BO3MOXHbIM M B TOM C/lydyae, Koraa 3epKasna yCTaHOB/EHbI
VWb MO OAHOMY M3 HanpaBfieHUNA.
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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, > Wag, Wa1 OF W1 > War, Wap. 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 T; to a temperature T¢>T;. The
change in population between the levels is described by the system of equations

dng /dt = —(Ws; + Wap )Ng+ Wogy + Wiy, (1)
dn, /dt = —(Way+ Wog )Ny + WpNg + Wio 1y,
n1+n2+n3:n0, (2)

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

#Sov. Phys.-JETP. 1963. Vol. 17, No. 5. PP. 1171-1172.
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MonyuyeHune oTpuuaTesibHbIX TeMNepaTyp
METOAOM Harpesa U OXJ1aXKAEeHUS CUCTEMbI®

H.r. bacos, A.H. OpaeBcKnii

dusnyeckmin MHCTUTYT uM. MN.H. Jlebeaesa Akagemum Hayk CCCP
Moctynuno B peaakuunto 19 oktabpsa 1962 r.

OO0parmaercst BHUMaHHE Ha TO, YTO TPH OBICTPOM W3MEHEHHH TEMIIepaTyphl CHC-
TEMbI B CUITY Pa3liM4Msl BPEMEH pellakCalliM JUTS Pa3HbIX SHEPreTUUECKUX YPOBHEU B
TMIPOIIECCE YCTAHOBJICHHS TEPMOIUHAMIYECKOTO PABHOBECHS IS HEKOTOPBIX Iap dHEP-
TeTUYECKUX YPOBHEH MOYKET BOSHUKHYTh COCTOSIHHE C OTPHUIIATEIBHON TeMIIePaTyPOii.
1. B psijie KBaHTOBBIX CHCTEM MOJXXHO BBIJICTUTh TAKHE TOJICHCTEMBI, BpEMs
YCTaHOBIICHUST PABHOBECHUSI MEXY KOTOPBIMH 3HAYMTEIILHO OOJIbIIe BPEMEHHU yCTa-
HOBJICHUSI PaBHOBECHS BHYTPH KXKJIOH MOJCUCTEMBI, IPUYEM BO3MOXHBI H3ITyda-
TEJBHBIC MEPEXOAbl MEXKIY MojacucTeMamu. [Ipu TOCTATOYHO OBICTPOM HM3MEHEHUHU
TEPMOJIMHAMUYECKOTO COCTOSIHHSI BHYTPH Ka)JIOH TIOJICUCTEMbI paBHOBECHE YCTAHO-
BUTCS JIOCTATOYHO OBICTPO, HO OyJEeT OTCYTCTBOBATh PABHOBECHE MEXIy MOJCHUCTE-
Mamu. B 3TOM cilyyae MOXET BOSHUKHYTH COCTOSHHE C OTPHUIIATEIILHON TeMIepary-
POM IO OTHOLIEHHUIO K IIEPEX01aM C SHEPIreTUUECKUX YPOBHEN OJHOM IIOJCUCTEMBI HA
YPOBHHU JIPYTOM.
2. PaccMOTpHM TPEeXypOBHEBYIO CUCTEMY, MMEIOIIYIO pa3HbIC BpeMEHa perlaKca-
MY MEXK]Ty PacIioi0KEHHBIMU MTOCIIEA0BATEIILHO OIUH HaJl qpyruM ypoBHsmu 1, 2, 3.
Ecmu BeposiTHOCTH miepexojia ¢ ypoBHS 1 Ha ypoBeHb 3 3HAUUTEIILHO OOJIbIIIS
TaKOBBIX JUTS TIEPEXOJIOB C YPOBHS 1 Ha YPOBEHB 2, M C YPOBHS 3 Ha YPOBEHB 2 (Wip H
W3;), TO TIPH PE3KOM IOBBIIICHUH TEMIIEPATYPhl TEPMOIMHAMHYECKOE PABHOBECHE
OBICTPO YCTAaHOBUTCS MEXIY YpoBHSIMHU 1 1 3 U OyZeT HEKOTOPOE BPEMsl OTCYTCTBO-
BaTh paBHOBecHe MEeXTy ypoBHsIMHU 11 2 1 3 1 2. B TakoM ciiydae MOXKeT BOSHHUKHYTh
COCTOSIHHE C OTPHUIIATEIILHOM TEMIIEpaTypoil Mo OTHOIICHHIO K ypoBHsM 3 u 2. To xe
camMoe MOXeET ObITh ¥ MPH OXJIAKICHUU CHCTEMBI, HO TIPU APYTOM COOTHOIICHUU Me-
KTy BEPOSTHOCTSAMHU Tiepexojia. B 3ToM cityuae TOHKHO ObITh W3y > Wag, Wy B Wy >>
> W31, W3p. B iepBOM 13 9THX clydaeB BO3HHKAET COCTOSHHUE C OTPHIIATEIEHON TeM-
nepaTypoit Mexay ypoBHsME 1 11 2, Bo BTopoM — Mexy 3 U 2.
s monydeHus OoJiee TOYHBIX KOJIMYECTBEHHBIX COOTHOIIECHUH MPEIoso-
JKUM, YTO CHUCTeMa OBICTPO HArpeBaeTcss OT TeMIepaTyphl Iy JO TEeMIIepaTypbl
T, > T,. I3MeHeHne HAcEeIEHHOCTEH MEXIY YPOBHSIMHU OYIET ONMHCHIBATHCS CHCTE-
MOH ypaBHEHUH
dng /dt = —(Wa; + Wap )N+ Wozhy + Wiy, (1)
dny /dt = —(Wyy + Wag )Ny + Waplg + WioMy,
M+ Ny + N3 =N, 2

£ XOTP. 1963. T. 44, Bbin. 5. C. 1742-1745.
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An The possible changes in the population dif-
0 ference with time are shown in a qualitative way in

An the figure. (Relaxation processes are always aperi-
i

odic in nature.) A favorable change for obtaining a
state of negative temperature is shown in the graph
Change in population differ- @S @ heavy line. Its distinguishing character is the
ence An = ns—n, with time. The  existence of a positive maximum at t,, > 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; —n,) = Al—a)e ™™ + B(L—b)e "™ + nyy —nyy >0, ©)
where

P n{-Ba-hh@}>o (@)
A=A A(l-a) 4
In these formulas,
A:nzo_Nz—(nso_Nz)b B:nzo_Nz_(nao_Ns)a
b—a ' a-b ’

N3, N2, nzo, and ny are the equilibrium values of the populations at the initial and fi-
nal temperatures, respectively;

a=(4-a)/p, b=(4L-a)/B, o =Ws; + W3 + Wy,

B=Wig =Wy, 0 =Wyy +Wpp +Wpz, =Wy —Wsp,

and /2, and /, are the roots of the characteristic equation of the system (1).

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

Wip < Wig. (5)

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(hva, /KT; ). (6)

One can also carry out a similar analysis for the case T; > Ty, 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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rae N — HACeJNeHHOCTh i-r0 JHepretuyeckoro  An T c
YpOBHS, Wix — BEPOATHOCTb MEPEX0/a B EAMHUILY g
BpPEMEHHU C YPOBHS | HA YPOBEHb K.

KavecTBeHHBIN BUJT BO3MOXKHBIX M3MEHEHHM
Pa3HOCTH HACEJICHHOCTEH CO BpEMEHEM TOKa3aH Ha
pucynke. (IIpomecchl penakcauuu BCETIA HOCAT oo DA3HOCTH HACEIIEH-
anepuoAMdecKuii Xapakrep.) bmarompuaTHOE W3- Locreit An= N3—N, co BpeMe-
MCHCHHE JUIS IOIYYCHHs COCTOSHHS € OTPHUA-  pey. amTpuxoBaHHAA 06MACTE
TENILHON TEMIIEPATYPOH MPEJICTABICHO HA TPADUKE  coOTBETCTBYET OTPHIATENBHOIM
KUPHOH KpuBOH. OTIMYUTENLHOH €€ OCOOEHHO-  Temmeparype
CTBHIO SIBJIICTCS HAJUYHUE TOJIOKUTEIHLHOTO MaKCH-

MyMma nipH t, > 0. [ToaToOMy HEOOXOIUMBIM U JIOCTATOYHBIM YCIIOBHEM BO3HHKHOBE-
HUS COCTOSIHUS C OTPULIATEIILHOW TEMIICPATyPOH ABJISCTCS

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

IpU4eM
1 In _B(l—b)ﬁ 50

A A A

(4)

B sTux dopmynax

o — Ny —(nz — N3)b B = Ny — N, —(Ng — N3)a
b-a ’ a-b

N3, N2, N3, N2zp — paBHOBECHbIE 3HAUEHUS HACEIEHHOCTEH COOTBETCTBEHHO IIPH Ha-
YaJIbHOU U KOHEYHOU TEMIIEpaTypax,

a=(h-a)/f, b=(L-a)/B, 0 = Wzy + W3 + Ws),

B=Wig =Wy, O =Wy +Wpp +Wpz, =Wy —Ws,

A=l

/1 ¥ o — KOPHH XapaKTePUCTHIECKOTO ypaBHeHHs cucTeMsl (1).

Vemosus (3) u (4) maroT HaM HEOOXOIUMEBIE COOTHOIIEHUS MeXay Ty, T u
BEPOSTHOCTAMH Tepexoaa Wi. B uactHoctH, mpu T, < hvy/k 6ymer N =~ N3 = 0.
Torma (3) u (4) 5KBHBaJEHTHO IIPOCTOMY COOTHOIICHHIO

Wi < Wis. (5)

Venosus (3) u (4) kmamyT mpeaen Ha4albHOW TeMIlepaTrype, Tak Kak MpH OYEeHb
0OJIBIIION TeMIIepaType HH MPU KaKOM COOTHOIIEHHH MEXKAY BEPOSITHOCTSIMH TIepe-
X0Jla He MOKET BO3HUKHYTh COCTOSIHUE C OTPUIATEIbHON TeMIepaTypoil. ITo mpo-
M30HIET B TOM ClTydae, eciu

N; +N; <2N,
170031

1+exp(hvy; /KT, ) < 2exp(hvs, /KT, ). (6)

AHaJOTHYHBIA aHATN3 MOXKHO MPOBECTU U Js ciaydas Ty > Ty, T.e. IpH pe3-
KOM OXJIQXKIEHUH CUCTEMBI.

3. KoHKpeTHBIM MTPUMEPOM TaKOW CHCTEMBI MOXKET CITy’)KHTHh CMECh mapa- U
OpTOBOAOPOIA.
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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

Jowa = Jartho- (7)

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:

T
Tmax :%(ni —nk)hVik/iéu(T) daT, 9)

where n; is the population of the working level of the “heated” subsystem, and ny is the
population of the working level of the “cooled” subsystem, whereby E; > E,; C, is the
specific heat of the “heated” subsystem; %2 hvi(n;—n) 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.
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WsBectHo [1], uto B criy mpuHnuna [laynn mapaBogopox UMEET JIUIIb YeT-
HbIC BpallaTeabHbIe YPOBHHU (BpalatebHOE KBAHTOBOE YUCIIO J YETHO), @ OPTOBOIO-
POl — HedYeTHbIC BpaliaTenbHbie ypoBHHU (J HeueTHO). lepexo ¢ u3MeHeHneM Bpa-
naTenpHoi sneprun J — J £+ 1 momkeH conpoBOKAATHCS U3MEHEHUEM MO TU(PHUKAITUH
MOJIEKYJIBI ¥ TIOATOMY MaJioBeposteH [2]. B cuity 3T0ro cMech opTo- U apaBoaoposa
BesleT ce0sl Kak BYXKOMITOHEHTHBIH ra3, U MPU U3MEHEHUH TEMIIEPaTyphl B CUCTEME
JIOBOJIHO OBICTPO YCTAHABIMBAETCS TETUIOBOE PABHOBECHE IO SHEPTHHU MOCTYIIATEIb-
HOTO JIBHXKCHUSI U BHYTPEHHEH SHEPTrHH KAXKIO0W KOMITOHEHTHI, HO JIJISl JIOCTHIKEHHUS
paBHOBECHS MEXIy KOMIIOHGHTAMH HEOOXOIMMO JOCTATOYHO JIONTOE BPEMs, €CIH
HET KaTalnu3aTopa, yCKOPSIoero 3ToT nporecc. [IycTs Mbl nMeeM OOBIKHOBEHHBIMH
BOJIOPOJT (OTHOIIICHHE OPTO- U MapaBoopo/a pasuo 3:1). Eciu ero oxiaguTh B Mpu-
cyrcTBuu Katanuzaropa 1o 7 < 20 K, To OH mepeieT B YUCThIN MapaBoAopoa B CO-
crosiauu ¢ J = 0. [Ipu mocieayromem Harpese 0e3 Karajauzaropa OyayT 3amoIHATHCS
BpallaTeJIbHbIC YPOBHU C YETHBIM 3HAUeHHEM J. YPOBHHU ¢ HeueTHbIM J OyayT ocTa-
BaThCs MMyCTHIMH, U BOSHUKHET OTPHIATENIbHAS TEMIIEPATYPA M0 MePEX0y

J qeT _) J Hel{eT. (7)

mapa opto

Elte 0HUM MPUMEPOM CHCTEM, JOMYCKAOIINX PEaTU3aIHIo0 IPEIaraeMoro
METO/a, SIBISIFOTCS MOJICKYJIbI THIA CHMMETPUYHOTO BOJNYKA. B 3THX MoOJeKymax
CHIIBHO 3arpernieHsl mepexost ¢ AK # 0 [2], Tak 9To mpu HOCTATOYHO CHIIBHOM OX-
JaXICHUH Ta3a, COCTOSIIETO U3 MOJICKYJ THIIA CHMMETPHYHOTO BOJUYKA, BCE MOJIE-
KyJibl OKaxyTcsi Ha ypoBHsX J = |K| u uncno monekyn Ha paHHoM ypoBHe J = |K]
OIPEICITUTCS CYMMHUPOBAHHBIM 110 BceM coctosiamsiM J'K ¢ J’ > J nipu HavansHON
TeMmreparype rasa. B cuity Takoro pacrpe/eneHusi MOJICKyI 110 YPOBHSIM, BO3HHKa-
€T COCTOSIHHE C OTPHULIATENBHOM Temmeparypoii s mepexonos ¢ AK # 0.

4. MOXHO OLEHUTh KO3()(DHIIHEHT TTOJIE3HOTO AEHCTBHS MOJOOHBIX CHCTEM 7]

n= EI/ISH/EHOFI{' (8)

MakcuManbHbIH K03(h(OUIIUEHT MOJIC3HOTO NEHCTBUS #max MBI TIOJTYYUM B TOM
clly4ae, €CIH YCTaHOBJICHHE PABHOBECHUS MEXAYy YpPOBHSAMH JHCKPETHOW YacTd
CIIEKTPa OJHON W3 MOJICUCTEM W BBHICBEYMBAHWS 3aIIACEHHOW MPHU 3TOM DHEPTHU
MPOUCXOAUT HACTOJILKO OBICTPO, UTO BTOPASl U3 MOJICUCTEM 33 3TO BPEMsI CyIIECT-
BEHHO HE MEHSET TeMIIEPATyPHI.

T
owe =5 (=m0 | [ C,T)aT, ©
Ta
r/e Ni — HACENEHHOCTh PAOOYEro YPOBHS KHArPETOM» MOJICUCTEMBI, Ny — HaceNIeH-
HOCTh pab0Yero ypoBHs «XOJOJHOM» moJcucTeMsl, puueM E; > Ey; C, — termmoem-
KOCTb «HArpeToi» MoacucTeMsl; %2 hvy(nj—Ny) — MakcUMaTbHAst SHEPTHs U3y ICHHUS.
B paccMoTpeHHOM MeToze TOBBIIICHUS OTPUIATEIBHBIX TEMIIEPATyp BaXK-
HYIO POJIb UTPAET JOCTATOYHO OBICTPBIN HATPEB CUCTEMBL.
B psine ciyyaeB 3To MOXKHO OCYIIECTBUTD, UCIIOJB3YsI OBICTPO MPOTEKAIOIIHE
XUMUYCCKUEC pC€aKIIMX WUJIN YAaPpHBIC BOJIHEI.
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Exciting of a semiconductor quantum generator
with a fast electron beam?

N.G. Basov, O.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>xaeHue noJjiynpoBoAHNMKOBOIro KBaHTOBOIro
reHepaTopa Nny4koM 6bICTPbIX 3/1eKTPOHOB’

H.r. bacos, O.B. borgaHkesn4, A.I'. []leBATKOB

dusnyeckmin MHCTUTYT uM. MN.H. Jlebeaesa Akagemum Hayk CCCP
Moctynuno B peaakuunto 12 despana 1964 r.

Panee yxe coobmianoch [1, 2] o mepBbIX OMBITAX MO BO30YXKICHHUIO C TOMO-
IO ITyYKa OBICTPHIX JJIEKTPOHOB HEPABHOBECHBIX HOCHUTENCH B 30HaX MOIYIPO-
BOJIHHKA C IEJIbI0 CO3[aHuUs COCTOSIHUS C OTpULIATENbHON TeMiiepaTypoil. B nannoi
3aMETKe COOOIAeTCA O MEPBBIX PE3yNbTaTaX 3KCIEPUMEHTOB MO MOJYYCHHUIO BbI-
HYKIEHHOT0 M3IydeHuns u3 kpucramia CdS.

ITpu o6aydeHun moHokpuctauia CdS, MOMEIIEHHOTO0 Ha XJIJOMPOBOAE B
reJIMEeBOM KpUOCTaTe, MyYKOM 3IIeKTPOHOB ¢ sHepruei ~200 k3B Habmoganock uH-
TEHCHBHOE M3JIyYeHHE B 3€JICHOH YacTH CIeKTpa ¢ JuiuHoil Bonubl 4966 A. Tlpn
YBEIMYEHUH IIOTHOCTH TOKA MHTEHCHBHOCTH CBEUEHHS pe3Ko Bo3pactana. [Ipu
M3MEHEHUH TUIOTHOCTH TOKa B TP pas3a BhIIIE MOPOrOBOTO MHTEHCHBHOCTH CBEYE-
HUSI YBENMYMBANACH Ha JBa nopsiaka. OTHOBPEMEHHO HAOIIOANIOCH CYKEHUE JTMHIH
usnyuenns ¢ 35 10 7 A. TToporoselii TOK CHIIBHO 3aBHCENT OT KaueCTBA KPHCTAILIOB.

VYcraHoBKa paboTana B UMIYJIbCHOM PEXHME C JUIUTEIBHOCTHIO UMITYJIHCOB
TOKa 2 MKCEK U YaCTOTON B HECKOJIbKO JECATKOB Tepil. [Ipy MablX MIOTHOCTSAX TO-
Ka JUTHTENILHOCTh MOCIECBEUCHUS KPUCTAIIA TIOCIe KOHIA UMITYJIbCa TOKa COCTaB-
nsia 2 MKcek. [Ipy MakcHMallbHBIX IIOTHOCTSX TOKa UMITYJIBC CBETa TOYHO COBIIA-
JaJl 0 BPEMEHHU C UMITYJIBCOM TOKa.

[poBeneHHbBIE OMBITH MOKA3BIBAIOT BOZMOKHOCTH UCTIONL30BAHUS ITydKa OBICT-
PBIX JIEKTPOHOB sl BO30YXKIICHHUS MOy POBOTHHKOBBIX KBAHTOBBIX I'€HEPATOPOB.
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Observation of parametric amplification
in the optical range*

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

Physics Faculty, Moscow State University
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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 @,) can be
transferred to waves with frequencies @ and @, satisfying the relation @, = @, + @,.
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):

Ky + Ky = K. 1)

The parametric amplification effect has a clearly pronounced threshold. An
approximate relation (which is valid for sufficiently large crystal length 1) for the
threshold-pump amplitude A, is [2]:

2 2 _2p2 Wy~ o, -y
1_,(2) _ (2_73'] @, Ap.thr (ell ’ epez)(eZZ ’ epel) =5,0, (2)
c? kik,  —cosk;s; c0ss,z, cosk,s, C0ss,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,

7™ are the spectral components of the nonlinear polarizability tensor, and & is

the damping decrements at the frequencies @y ,. When A, < 4y a wave of fre-
guency @ (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.

#JETP Lett. 1965. Vol. 2. PP. 191-193.
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Ha6nroaeHne NnapaMeTpUYECKOro yCUaeHus
B ONTUUYECKOM Auana3oHe’

C.A. AxmaHoB, A.N. KoBpurnH, A.C. lNnckapckac, B.B. dajees,
P.B. XoxnoB

dusmyecknii pakynbtetr MY nm. M.B. JlomoHocoBa
MocTtynuno B pegakuuio 23 ntona 1965 r.

[IpeaMeToM HACTOSIIEr0 COOOLICHUS SBISIETCS W3JIOKEHUE PE3YJIBTaTOB JKC-
MEePUMEHTA, B KOTOPOM HETOCPEACTBEHHO HA0IIOAAIOCH TapaMETPUIECKOe YCUICHHE
OINTHYECKOTO CUTHajia ¢ JIUHON BOJHBI A, = 1,06 Mkm B kpucramie KIIII, Bo3Oyx-
JTACMOM MHTCHCHUBHOW BOJIHOW Hakauku ¢ Ay = 0,53 Mxm. [IpeaioxkeHus 0 BO3MOX-
HOCTH peaIM3aluy YKa3aHHOTO 3deKTa B ONTHUYECKOM AHUAIa30HE U ero Teopus U3-
noxensl B [1-3]; pe3ysibTaThl OMBITOB, B KOTOPBIX MPOU3BOJMIACH KOCBEHHAsS
perucrpanys napaMmeTpuyecKoro ycuiieHus Ha Boiue A, = 0,63 MxM, omcansi B [4].

B HenuHelHON cpejie ¢ moJigpu3aiuend, KBaJpaTUyHO 3aBUCAILECH OT Hamps-
YKEHHOCTH JJICKTPHUYECKOTO TIOJIS, DHEPIHsi MHTEHCUBHON BOJIHBI HaKa4yku (4acToTa
(W) MOXET TIepeaBaThCsl BOJHAM C YaCTOTAMU @) U (), YJOBJIECTBOPSIOIIUMHU CO-
OTHOIIEHUIO @y, = @y + a». [lepenada sHeprum mpoucxoauT Harboiee 3PpGEeKTUBHO,
€CITM BBIMIOJHSIETCS CIENYIOIIee COOTHOIIEHHE MEXIY BOJHOBBIMH BEKTOpaMH
B3aMMOJICHCTBYIOIMX BOJIH (TaK Ha3bIBAEMOE yCIOBHE CHHXPOHU3MA):

kl + k2 = kH. (1)

D¢ ekt napaMeTpruuecKOro YCHUIICHHs 00JIaaeT YeTKO BBIPaKEHHBIM T1OPO-
rom. [IpubmkeHHOe cooTHOIIeHHE (CIpaBeUIMBOE IMPU JOCTATOYHO OOJBIIONH
JUTHE KprcTaiia |) s onpeseneHus moporoBoi aMILUTHTY bl HAKAYKH Ay nop UME-
et Bu [2]:

2 2 2p2 - _
2 —(Z_EJ o0 Aoy (81" 7e,8)) (B2 ™ e81) =S58 @)
0 — 2 —— — —— — — 010).
c kik,  —cosk;s, coss,z, Cosk,S, C0SS,Z,

3mech € — eIWHUYHBIC BEKTOPA, XapaKTEePH3YIOIINE TOJSAPU3ANNI0 B3aUMOJEHCT-
BYIOIIUX BOJIH, Sj — MX JIY4€BbIC BEKTOpa, Zj — HOPMaJb K I'DaHHIIC HEIMHCHHOM

@y —0;

cpensl, ¥
CTH, & — JEKPEMEHTHI 3aTyXaHUs Ha YaCTOTaxX @y ,. lIpu Ay < Ay nop BOTHA, BXOAAIIAS
B KPUCTA/UT Ha 9acToTe @ (CUTrHaIbHAS BOJIHA), 3aTyXaeT, a POAMBINASICS B KPUCTAI-
Jie IOTIOTHUTENTbHAs BOJHA C YaCTOTOH ), CHaJaia pacTeT, a 3aTeM TaKKe 3aTyXaer.
[ToaToMy KOCBEHHBIE METOIBI M3MEPEHHS MapaMETPHUECKOTO YCHUJICHHS, HaIprMep
MO PEerHCTpAIMK KOJIeOaHWH Pa3sHOCTHOM 4acTOThl (MMEHHO Takas METOJHKa Oblia
npuHsTa B [4]) He Beeria 0Ka3bIBAIOTCS JOCTATOYHO HAIC)KHBIMH.

— CIICKTPAJIbHBIC KOMIIOHCHTBI TCH30pa HEIIMHCHHOMN MOJAAPU3yEeMO-

# MucbMa B XKITD. 1965. T. 2. C. 300—305.
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Oscilloscope
| .
l\ | | %
KDP-1I g
1.06 um 1.06 umriL.06 pnt 1.06 pmp—1:06 um l g
@A s
0.53 umt0.53 im 0.53 um T
Glass:Nd** KDP-I  F, L, F, D

Fig. 1. Block diagram of experimental setup: filter S3S-21 (F,), 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-1 crystal 1 =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
(4s=1.06 um) and a powerful pump wave (4, = 1.06 um). The pump was focused on
crystal KDP-II (I = 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-I1I 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 @ measured from the synchronism direction in a plane passing
through the optical axis; the ordinates represent the signal power in relative units.
Curve 1 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 Aef,e): 10". The maximum gain G corresponds to the
exact synchronism direction. In our experiments, Gnax fluctuated from flash to flash
(see Fig. 2); the average value registered experimentally was G, =2.5. The theo-
retical value G =exp[2(I',—&;)I] for our experimental conditions amounts to
14 (we used the following values: I'p=2.2x10°A, cm™ (A, is in V/cm), S,=
=10° W/em?, 1 =3 cm, and & = 0.05 cm™). The theoretical value of A8 (the so-

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

[ ]
| |

KATI-11

1,06 mkm 1,06 mxm[1,06 MM 1,06 Mk 1,06 MKMl
oFTEER T,
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0,53 mxM"™ 0,53 MM 0,53 mx
Crexno:Nd® KO-l &, 11 L

Puc. 1. bnok-cxema 3KCIIepUMEHTAIBHON yCTaHOBKH: P — (bnanp C3C-21, @, — uH-
¢dpakpacusiit punstp UKC-1, [ — nuadparma, JI; — nmnuHapuydeckas Junza, [/ — mioc-
KoIapajuiesibHas IJIacTHHKa

B mammx omertax ¢ kpuctamiamu KIIT ycmoBue (2) yaoBIETBOPSIIOCH TIPH
HICTIOIb30BAHNH B KAYECTBE F€HEPAaTOpa HAKAYKM ONTHYECKOTrO YIBOUTENIS YaCTOTHI .
brok-cxema SKCIEepUMEHTATbHOW YCTAHOBKHM MOKa3zaHa Ha puc. 1. 3nech nasep Ha
CTEeKJIe, aKTUBHPOBAHHOM HEOJMMOM, HCIIOJIB30BAJICS B KAueCTBE 3a/IAfOLIEr0 reHe-
paropa yasourens yactotsl (kprctamt KJIII-1 mmunoit | = 3 cMm) u oqHOBpEeMeHHO B
KavecTBe TeHepaTopa yCUIMBaeMoro curHaia. Ha BbIXojie yIBOUTENS YacTOThI COOT-
HOILICHUE MOIIHOCTEH BTOPOW TrapMOHUKH (P2) U OCHOBHOTO M3iyueHust (P;) cocTaB-
qsio Po/Py = 0,2-0,3. Tlocne cucteMbl GuibTpoB @) 3TO OTHOIICHHE CTAHOBHJIOCH
paBHbIM P,/P; = 10°~10°. Takum 06pa3zoMm, Ha BTOPOii, YCHIHTEIBHBIN KPHCTAILI
KOIT nomasaincs cnaberii curuan (A, = 1,06 MkM) u MorHas BoiaHa Hakauku (A, =
= 0,53 mxm). Bonna Hakauku ¢pokycupoBanachk Ha kpuctamt KIII-I1 (I = 3 cm) ¢ mo-
MOIIIBIO IITHHAPHUYeCKOW muH3bl JI; (hokycHoe paccrostHue 13 cM), Tak YTO TUIOT-
HOCTh MOIIHOCTH HAKAYKH BO BTOPOM KpHCTaUie gocturana S,=100 MBr/cm?. s
pErrCTpaIiy U3MEHEHHsI MHTEHCUBHOCTH curHana B kpuctamie KJII-11 ncnons3osa-
Jach IBYXKaHATbHASA (POTOIIEKTPpUUECKas cXeMa Wi (OTOTUICHKA.

Haubonee HarmsiiHBIMU SABJSIFOTCS PE3YJbTaThl, MONyYEHHBIE MPH (OTOrpa-
(bHUecKOoil perucTparui BBIXOAHOTO curHaiga. Ha pwuc. 2 mpuBefeHbl KPUBBIE, IMO-
Jy4eHHBIE MyTeM (OTOMETPHpPOBaHUS (oTorpaduii MOMEPEUHOrO CEYCHHUS Jyda
CHUTHalla Ha BBIXOJIC YCUJIMTENHLHOTO Kpuctamia. [1o ocu abciuce oTiaoxeH yrou 6,
OTCYHTHIBAEMBII OT HANPABJICHUS] CHHXPOHU3Ma B TUIOCKOCTH, POXOJIAINEH uepe3
OINITHYECKYIO OCh; 10 OCH OPJMHAT — MOIIHOCTh CUTHAJIa B OTHOCHTEIIbHBIX €[IH-
Hunax. KpuBas 1 cOOTBETCTBYET «BBIKIIOUCHHOI» Hakauke, a KpuBble 2-5 —
«BKJIFOUCHHOW». [IpudeM mocieqHue MOJyYeHbl NPU OJAWHAKOBBIX KOHTPOJIHpPYE-
MBIX YCJIOBHSAX OIbITA. «BBIKIIOUEHHE» HAKAYKH OCYIIECTRBISIOCH KOO C MOMO-
b0 MHQpaKpacHOro (GUIBTPa, OCTABISIONIET0 MOIIHOCTh CHUTHANA MPAKTHYCCKH
HEM3MEHHOMU, JTUOO MyTeM HM3MEHEHHS OPHUCHTAIMU JIydya HAKaYKH OTHOCHTEIHHO
HarnpasiieHus cuaxporusma B kpuctawie KIII-11 (ycuaenue mpakTu4ecKu MOJTHO-
CTBIO TIPOIIAAIIO TIPX YIIIOBOM OTKIIOHEHHH, O60mbirem 10").

U3 npuBeieHHBIX KPUBBIX BHIHO, YTO 3aMETHOE MapaMeTPHUYECKOe YCUIICHHE

() -

MMEET MECTO JIMIIL B CPABHUTENBHO y3KoM yrie A6 =10". MakcumanbHOe ycu-

neHne G, COOTBETCTBYET TOUHOMY HAINPABJIICHUIO CUHXPOHW3MA. B Hammx ombl-
Tax BeNMYUHA Gy QIyKTYHpOBaia OT BCHBIIIKK K BCIBIMIKE (CM. pHUC. 2); cpemHee

1 BO3MOXHOCTb HabnoAeHUA HEeNMHENHbIX 3MdMEKTOB B MOSie U3yUYeHNs Takoro reHeparopa
6bina NnpoaeMoOHCTpMpoBaHa paHee [5].
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I re- un. called capture angle) is determined from the
condition A=KA®=2kT, (here A = 2ks—k,

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

and AQP’=15'. The difference between
A6Y and AGF is connected, in our opin-

20 15 10 5 9 5 10 15 2'_0 ion, with the finite width of the spectrum
6, min  and with the divergence of the pump wave.

Fig. 2. Angular distribution of signal The appreciable fluctuations of the
intensity at the output of the amplify-  parametric amplification from pulse to pulse
ing crystal 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 | and Il. 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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3HAYEHUE, 3aPErUCTPUPOBAHHOE SKCIIEPUMEH- |, otH. en.
TanbHO, coctaBstio G,,.=2,5. Teoperu-

yeckoe smauerne G =exp[2(T,—d,)]

JUI  YCIIOBUiA, COOTBETCTBYIOIIMX OKCIEpPH-
MeHTy, coctaBmier GU°P=14 (3mech uc-

HOJIb30BAIIKCH CHENYIOIIUE 3HAueHus: [g=
=2,2-10°A, em%; e A, BeIpakeHO B BlcwM, L o
S, =10 Br/em® 1 =3 em; 6,=0,05 CM_l). Teo- 20 15 10 5 4 5 10 15 2

6, MuH

pETUYECKOE 3HAYCHHE A0§T) (Taxk HasbIBae-
Puc. 2. PacnpeneneHue WHTEHCHUBHO-
CTH CUTHAJIa Ha BBIXOJE YCHUIMTEILHO-
yenosus: A =kA Q;ST) =2k,  (Bmece A= o KPHCTaJIIa [10 HApaBJIeHUSIM

= 2k, — Ky, utst Tyuei, OTKIIOHSIFOIIUXCS OT Ha-

TpaBJIeHNs CHHXPOHH3MA). [l HaIMX KpH-

MBI yroi 3aXBaTI>IBaHI/I$I) OMpeaACIBICTCA U3

cramios k = 0,25-10* em ™t u A€§T) =1,5'. Paznmuue A¢9§T) u A0§3) CBSI3aHO, TI0 HAIllEMY

MHEHHUIO, C KOHEYHOH IIUPUHOMN CIIEKTPa U PACXOAUMOCTHIO BOJTHBI HAKAUKH.
3HauuTeNnbHBIe (QIYKTYallid MapaMeTPUYecKOro YCHIJIEHHS OT MUMITyJbca K
HUMITYJIbCY ¥ HeOObIas (B CPaBHEHUH C TEOPETHUYCCKON) BETHUNHA CPETHETO YCH-
JIEHHUSI MOTYT OBITH CBA3aHBI C OCOOEHHOCTSIMHE ITapaMeTPHUECKOTO B3aUMOICHCTBHS
B BBIPOXKJCHHOM peKuMe. J[eHCTBUTEIbHO, B BBIPOXKICHHOM PEXUME BEIUYHHA

yernenns papaa G{*°P)| kak M3BECTHO, JIHIIb [P HAIMYHH ONITHMAIBHOTO CIIBHTA

(a3 MexIy Hakadkoil U curHajgoMm. B Haimeil ycraHOBKe pouib (azoBpaimareis ur-
pana cucrema (GUIBTPOB, PACHONIOKEHHBIX Mexay kpuctaiamu | u Il. Bmecte ¢
TEM ClIeJlyeT OTMETHTh, YTO (pa3oBasi CENIEKTUBHOCTD BHIPOXKIEHHOTO ONTHYECKOTO
apaMeTPHUYECKOro YCHIMTENs ¢ MHOTOMOJIOBOI HaKaukol (B HALIMX OIMBITAaX M-
puHa criekTpa Hakauku jgocturana 10 A) meHbiue, Hexenu B 0HOMOIOBOM peXH-
M€; CIIEKTp MHOTOMOJOBOTO CHUTHaja IPH B3aUMOJECHCTBHMH C MHOTOMOJOBOW Ha-
KAuKOW paclIupsIeTcs]; MOSBISAIOTCS JOIOJHUATEIbHBIE MOJBI, YCWIEHHE KOTOPBIX
MIPOMCXOAHNT II0 3aKOHAM HEBBIPOXKIEHHOTO apaMeTPUIECKOI0 YCHIICHHUS.

JlocTUrHYyTOE HaMU 3HAYEHUE YCWIEHUS JOCTATOYHO JUIs peanu3aluu napa-
METPHUYECKOT'0 FeHepaTopa cBeTa — MpHOOopa, MO3BOJISIOIET0 OCYIIECTBUTH IJIaB-
HYIO [epPECTPOIIKY YaCTOThI KO'€PEHTHBIX ONTHUECKUX KOJIeGaHHMii’.

Mpel ipusHatenbHbl B.I'. JIMuTpueBy 3a mosie3Hble JUCKYCCHH.
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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 (4 = 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 1 = 8365 A. The line narrowing was accom-
panied by a narrowing of the directional radiation pattern of the sample and a sharp

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

(j) pump light direction and (—) radiation from
the sample

# Sov. Phys.-Dokl. 1965. Vol. 10. P. 343-344.
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MHayumpoBaHHOE U3JlyyeHue B apceHuae raanus
Npyu oNTUYECKOM BO36yXkaeHnn’

H.r. bacos, A.3. pacrok, B.A. KatynuH

dusnyeckmin MHCTUTYT uM. MN.H. Jlebeaesa Akagemum Hayk CCCP
MocTtynuno B peaakumio 4 aHeapsa 1965 r.

[onyueHne coCTOSIHUHM ¢ OTpULIATENIFHOM TeMIepaTypoil B MOIyIPOBOIHUKAX
OBLIO MPEUIOKEHO U TeOpeTHIeCKH uccienoBano B [1-4]. B [5] nabmonanock u kc-
MEPUMEHTAIFHO HCCIIEIOBATIOCh PEKOMOMHAIMOHHOE cBeueHne kprucraiia GaAs mpu
BO30Y’K/ICHUH €r0 CBETOM ONTHYECKOro kBaHToBoro reneparopa (OKI') na pyoune. B
JAHHOHM paboTe M3JIararoTcsl pe3yJbTaThl MPEIBAPUTEIIBHBIX UCCIEIOBAaHUN HHIYLH-
POBaHHOTO W3ITyYSHUS W T€HEepalud TONYNPOBOAHUKOBOrO Kpucramuia GaAS mpu
B030yxnernu ero ceerom OKI Ha pyOuHE ¢ MOy THPOBaHHOM TOOPOTHOCTHIO.

O6pazen (puc. 1) pasmepamu 2x1 MM, TommuHoN 0,5 MM H3rOTOBJISUICS U3
MoHokpuctanueckoro GaAs. [lonupoBaHHas uiockas MOBEPXHOCTb oOpasma S,
oOnydaemasi CBETOM HAKayKH, COBIAJaja C KpUCTALIOrpadMuecKol IIOCKOCTBIO
(111). /IBe mepneHAMKYISpHBIC K HEH IJIOCKOCTU S;, Sy, COOTBETCTBYIOIINE KPH-
cramtorpapuveckoii mockoctu (110), 06pa3oBbIBAN MIOCKOMAPAIIICTBHBIA pe3o-
Hatop. O0pasen Kpenuwics: K XJIaJ0IPOBOIY, OXJIaXIaeMOMY KHIKAM a30ToM. s
yaA00CTBa IOCTUPOBKH PSAAOM ¢ 00pasuoM momemntancs uHxkekinonueiii OKI™ u3 ap-
ceHuza raums. M3nydeHue oT MOHOKpuctamindeckoro oopasua GaAs (u OKI na
p—n-nepexone) Hanpasisuioch B ciiekrporpad MCII-51. Tlepen cnekrporpadom yc-
TaHaBNMBaNCcsS GUILTp P, He NPONycKaBIMii cBeT Hakauku (A = 6943 A). Perucr-
pauus n3nydeHus: oOpasua Beiach 1M00 Ha QOTOIUIEHKY, MO0 BU3yaJbHO C MTOMO-
IIBI0 3JEKTPOHHO-ONTHYECKOTO MpeoOpazoBaTeis. DHEPrusl UMITyJIbCa H3IIyUCHHS
OKI" Hakayku KOHTPOJIHUPOBAIACH C TTIOMOIILIO (DOTOYMHOKHTEIIS.

[Tpu o6myuennn obpasna GaAs HechOKYCHPOBAaHHBIM CBETOBBIM UMITYIHCOM

OKT Ha py6une ¢ sueprueii okono 0,1 Jx (MouHocTh 2 MBT) Ha BEIXOJE CIIEK-
tporpada MCII-51 nabmoganack CyKeHHasl CIEKTpanbHas JTUHHS PEKOMOMHALU-

Puc. 1. 1 — OKT Ha pyOmHE ¢ MOIYTHPOBAHHON
IIOOPOTHOCTEIO; 2 — MoHOKpucTamt GaAs; Sy, S, —
OTpa’karolye TUIOCKOCTH 00pasiia, oOpa3yromue pe-
30HATOP; 3 — XunanonpoBox; 4 — (@) — buneTp, He
IPOIYCKAIOIMKA CBETa HaKaykH; 5 — crexrporpad

UCII-51. :; HarpaBJIeHUE CBETa HAKauKd, —> W3-

Ty4yeHne oopasna

* Noknaabl AH CCCP. 1965. T. 161, N2 6. C. 1306—1307.
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/15, A increase in the spectral line in-
61 sample pn-junction tensity. The results of treating
the spectrogram of the sample
4+ A lasing and the p—n junction laser
radiation are shown in Fig. 2.
2r The relatively large
0 lasing linewidth A4 =32 A ap-

L L L L L
8330 8365 8400 8435 8470, A  Pears to be due to 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 (4 = 8281 A) was placed before
the sample. The measurements

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

/1, A showed that at a laser pulse en-

10 ergy of about 0.3J up to 15%

sl of the total energy is trans-

formed into the Stokes compo-

61 nent. With a Stokes component

slightly focused to 0.2 J.cm™,

Ar lasing arose both at liquid-

oL nitrogen and room temperatures

(Fig. 3). The quantum yield was

0 83:10 ' 83|50 ' 83|90 ' 3 4'30 A apout 4%, and the laser beam
. . o divergence amounted to 4°.

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

ture (carrier concentration 1.55x10"cm™, mobility : .

2\l 1 : P.G. Eliseev for developing the
4450cm“V7s7) under pumping by the Raman hnol d  fabricati
Stokes component of ruby laser radiation in liquid ni- technology  an . apricating
trogen. A similar GaAs lasing line was also observed pIape_-paraIIeI cavities by the
at room temperature, peaking at mpu 4 ~ 9000 A splitting method.
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OHHOTO CBEYCHHSI B CIEKTPATEHOM
uHTepBane ot 8340 1o 8400 A.
[Tpu yBenMueHNN SHEPTHU UMITYJIb-
ca ceera Hakauku g0 0,15 Jx Ha-
CTyHalio pe3Koe CYXKEHUE CIIeK-
TpanbHO# JuHUU (TeHepalms) Ha
nMHe BonHBL A = 8365 A. Cyxe-
HHUE CIEKTPAJIbHON JIMHUHM COMPO-
BOXKAAJIOCH CYKCHHEM IUarpaMMbl
HaNpaBJIeHHOCTH W3JIy4YeHHUs] 00-
pasiia, a TaKKe PEe3KUM yBeIHue-
HUEM CIIEKTPaJIbHOW WHTEHCHBHO-
cTH JMHUU. PesynpraTel 00paboT-

/o, A
6 p—N-niepexon
4
2
0 1 1 1 1 1
8330 8365 8400 8435 8470A
j’i

Puc. 2. CriextpaibHbIe JTHHUN TeHEpaUu oOpas-
a (KOHIEHTPAIUSI HOCHUTEICH 2.10Y CM_3, oJ-
BikHOCTh 3500 cM?/(B-CeK)) M HHIKEKIHOHHOTO

Jazepa Ha p—N-niepexone

KU CIIEKTPOTPaMMBI TeHEPAIHH 00-

pasma u OKI" Ha p—n-mepexone mpencraBieHsl Ha puc. 2. CpaBHUTEIHLHO OOJbIIAas
IIMpUHA JTMHUU TeHepaiu A4 = 32 A, MO-BUANMOMY, CBsI3aHA C OOJBIITUM YHUCIOM
TUTIOB KOJICOaHMA, COOCTBEHHBIC YaCTOTHI KOTOPBIX MPUXOMASATCS HA CIIEKTPAIbHBIMI
WHTEpBaJl, 3aHUMaeMbIil JINHUEH CIIOHTAHHOTO PEKOMOWHAIIMOHHOTO CBEYCHUS, U
JUTSE KOTOPBIX OJHOBPEMEHHO BBIMIOJHICTCS YCIOBHE CaMOBO30YkaeHus. JlelicTBu-
TEJIbHO, MHTEPBaI (B [UTMHAX BOJH) JaKe MEXIY aKCHAIbHBIMH MOJAMH B PE30HA-
Tope coctaBnsan 1 A m Geu1 MeHbIIe paspemaromeii ciocoGHOCTH cHeKTporpada,
paBHoi1 4 A. D10 He M0O3BONIATO PA3PEIUTE OTETBHBIE TeHEPUPYEMBIE MOJIEL.

Kak ormeuanocs B [6,7], 11 co3manus OTPUIATENBHOW TEMIIEPATYpPhI B 110~
nympoBogarke Tuia GaASs (¢ O0IBIION BEPOSITHOCTHIO H3IyJYaTEBHBIX TIEPEXO0I0B
30Ha—30HA) JIy4Ille BCErO HCIOIb30BaTh MOHOXPOMATUYECKOE M3IyUYCHUE, ¥ KOTO-
poro »Heprus (GOTOHA HE3HAYM-

TEIBHO TIPEBBINIAECT JHEpPreTUYe- 1/lo, A
CKYI0 MIMpUHY 3ampereHHoi 3o- 10
Hpl. Takoe U3Iy4YeHHE MOXKHO gl
NOJYYHTh TpPH KOMOMHALMOHHOM
30 A
paccesann cBera OKI' Ha pyOune 6
B XKHMIKOCTSX W raszax. s Bo3Oy- .
xaeans oopaszma GaAs Hamu ObLTa ar
WCIOJh30BaHA CTOKCOBA KOMIIO- ol
HEHTa KOMOHMHAIIMOHHOTO pacces-
Hus uznydenns OKI' Ha pyOuHe B 0L . ! : ! ' ! '
8310 8350 8390 8430 1, A

xugkoM azote [8]. st sToro me-
xay OKI' u oOpasroM momentacs
JIbloap C XUIKUM azotoM. Ilepen
BXOJITHBIM OKHOM JIbl0apa yCTaHaB-

Puc. 3. CnekrpayiipHas JMHUS TeHepauu o0pas-
na (mpu TemmepaType >KHIKOro azora) (KOHLEH-
Tpamus HOCUTENeH 1,55~1017 CM_3, MOJBMKHOCTD
4450 cm?/(B-cex)) moz AeHCTBHEM CTOKCOBO KOM-

JUBAJIACh JIMH34, Y BBIXOJAHOTO OK-
Ha — BTOpas JUH3a, KOH(OKAIb-
Hass ¢ mepBoit. Ilepem obOpasmom
CTaBWICA WH(PAKpacHBIH CBETO-
(GUIBTp, TMPOIMYCKABIIMNA TOJHKO

MOHEHTHl KOMOWHAIIMOHHOTO PACCESHUs M3Iyde-
Hust OKI' Ha pyOmHe W XuIKoM a3ore. AHaio-
rugHas uHUS reHeparmu GaAs Habnromanace u
IIpU KOMHATHOH TeMIepaTrype ¢ MaKCHMyMOM

mpu A ~ 9000 A
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CTOKCOBY KOMIIOHEHTy KOMOuHammonHoro paccesuus (4= 8281A). Usmepenus
MOKAa3aJIy, 4TO MpHU 3Hepruu B uMirysce uzinydeHust OKI™ okono 0,3 [ B cTOKCOBY
KOMIIOHEHTY TpeoOpasyercst 1o 15 % Bceit sneprun. IIpn Hebompmoit Gokycupos-
K€ M3JIy4YCHUs] CTOKCOBOUM KOMITOHEHTHI 10 3Ha4yeHuii 0,2 J:[>1<ICM2 TeHepaus BO3HU-
Kaja Kak IpH TeMIepaType >KHUIKOTO a30Ta, TaK W IPH KOMHATHOW TeMIepaType
(puc. 3). KBaHTOBBII1 BBIXOJ COCTaBIIsUT OKOJIO 4 %, pacxoauMocTsb Jiyya 4°.

ABTOpHI BEIpakatoT Oarogapuocts [1.I°. EnuceeBy 3a pa3paboTKy TEXHOJIO-
MM Y U3TOTOBJICHUE MIOCKONAPAIICIIbHBIX PE30HATOPOB METOJIOM CKAJIBIBAHUS.
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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 1. 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.

it e '°_
6 7

1 4

Fig. 1. Diagram of experiment

# JETP Lett. 1966. Vol. 3. PP. 167—169.
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Jlazep c Hepe3oHaHCHOM o6paTHOI CBA3bIO®

P.B. AM6apuyymsH, H.I'. bacos, I1.I'. KprokoB, B.C. JleTroxoB

dusnyeckmin MHCTUTYT uM. MN.H. Jlebeaesa Akagemumn Hayk CCCP
Moctynuno B peaakuunto 9 despans 1966 r.

1. B KBaHTOBOM T€HEPaTOpPE pPaJuO- U ONTHYECKOTO JUAITa30HOB OOpaTHas
CBs3b sBIsIeTCs pe3oHaHcHol [1, 2]. TocnemHee ecTh CleACTBHE MPUMEHEHUS Pe3o-
HatopoB (00BEeMHOTO B paanoauanasone u ®adpu—Ilepo B ONTHYECKOM JHAIA30HE),
KOTOpPBIC UMCIOT MUHHMYM IOTEPh AJIEKTPOMArHUTHON 3HEPTHU B OOJIACTH CPaBHU-
TENFHO y3KWUX WHTEPBAJIOB 4YacToT. [1o3TOMy TeHepaTophbl ¢ pe30HaHCHOW 00paTHOM
CBSI3BIO M3IIYYAIOT OJIMH HIJTM HECKOIBKO THITIOB KOJICOAHMIA, KOTOPHIE OOBITHO c1abo
B3aUMOJICHCTBYIOT MEXIY COOOH U MOTYT pacCMaTpUBATHCS KaK H30JUPOBAHHBIC.

B Hacrosimiem muceMe cooOIIaeTcs 0 MOMYyYSHUH TeHepalud ¢ Hepe30HaHC-
HOW OOpaTHON CBSI3pI0 HA KPUCTAUIAX PYOMHA, UMEIOIIUX BBICOKOE YCHIICHHE.
HepesonancHasi oOpaTHasi CBsI3b OCYLIECTBISLIACH TPH OOPaTHOM pPACCEsIHUW Ha
paccenBaroieM 00beMe WK MOBEepXHOCTH. [Ipu mageHnn CBETOBOM BOJIHBI HA pac-
CeMBaTeNlb YacTh PHEPTUN PACCEWBAETCS B APYTHE THIIBI KOJIEOAHUH «pe30HaTOpa»,
a Jpyras 4acTh MOKHJAeT ero. B pesynbTrare THUMBI KONeOaHUi pe3oHaTopa CHIILHO
B3aMMOJICHCTBYIOT M, CTPOTO TOBOPS, HE ABJISAIOTCS M30IUpOBaHHBIMU. CieKTp cO0-
CTBCHHBIX YAaCTOT TAKOI'0 «CTOXAaCTHYCCKOI'0» pE€30HAaTOpa ABJIACTCA CIIJIONIHBIM.
OTcyTCcTBHE PE30HAHCHBIX CBOMCTB y CTOXAaCTHUECKOT'O PE30HATOpa O3HA4yaeT, u4To
4acToTa TeHepalnyd He JOJDKHA 3aBHCETh OT JUIMHBI PE30HATOPA, a ONpeAemseTCs
PE30HAHCHOW YaCTOTON aKTHBHOTO BEIIECTBA.

2. CxeMa na3epa mpuBeeHa Ha puC. 1. AKTUBHOHN cpenoil SBISIFOTCS JIBa TI0-
cJemoBaTeIbHBIX KpUCTAIIa pyonHa 2 u 3 miuHou 24 cM u nuamerpom 1,3 cM Ka-
JKABIA, TOPUBI KOTOPBIX MJIsi MPEJOTBPAINCHUS CaMOBO30YXICHUS CPE3aHbI IO
yriioM bprocrepa. OOpaTHasi CBsI3b OCYIIECTBIISIIACH C ITOMOIIBIO 3epKana 4, oTpa-
xasiero 99 % ceera, 1 00bEMHOTO HITH TIOBEPXHOCTHOTO paccenBarens 1. B kaue-
CTBE 00BEMHOT'0 PaCCENBATEINsI HCIOIB30BANACH B3BECh YACTHUI] Mella TUaMETPOM He
Gomee 2:107° cM B BOJE, a B KAYECTBE MIOBEPXHOCTHOTO PACCCHBATENS — IUIACTHHKA
co cioeM HambuieHHOTo MgO. CBeTOBO# MOTOK, MPOMYIICHHKIH 3epKaioM 4 u oc-
JAOJICHHBIH CBETOMHMIBTPOM 5, I PETUCTPAIMH TMOCTYIIad Ha (OTOIIEMEHT 6 u
ocumutorpad 7, a i U3MepeHus crekrpa — Ha 3tajnon ®adpu—Ilepo. Ycunenue
c1aboro CUTHAJA Ha ABYX KpHcTalax 3a mpoxona gocruraio 900.

it o0
6 7

1 4

Puc. 1. Cxema skcriepumMeHTa

* MucbMa B XKITD. 1966. T. 3. C. 261-264.
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Fig. 2. Laser emission below threshold (a) and above threshold (b)

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

Qgen a
Qg

k?r 1, (1)
where Kk is the gain in one passage, r is the reflection coefficient of the mirror,
Qqen 1S the effective solid angle in which the generated radiation propagates, Qs is
the effective solid angle of backward scattering, and « 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 Qge,= (P/L)?, where P is the
crystal diameter and L is the average distance between the mirror and the scatterer.
For an ideal scatterer Qs =2z. In the experiment L=100cm, P=1.8cm, and
r ~ 1.0. For scattering from a surface o ~ 0.9 and Q4 = 27, and for volume scattering
o~ 0.5 but Qs < 27. 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 k ~ 4x10*.

4. Figure 2a shows the oscillogram of the laser emission with pump energy
below threshold, and Fig. 2b — 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
15 cm™). An investigation of the beat radiation spectrum has shown that there are
no frequencies of the c/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. znyuenne sasepa g0 nopora (@) u Bbimie opora (6)

3. YcroBue caMoB030YKIeHH s Jlazepa B HateM cinydae (Quace > Qrepep) IMEET
BUJ
QFCHCP g _
Qpacc 2

k2r 1, (1)
rae K — ycunenue 3a mpoxon; ' — kodpduimeHT oTpaxeHus 3epkana; Qreep —
3 PEKTHBHBINA TEJIECHBIH YToJ, B KOTOPOM PaCHpPOCTPaHIETCsl TCHEPUPYEMOE U3ITY-
ueHne; Qpa.c — dHHEKTHBHBIN TeJIecHBI yron oOpaTHOTO paccesHus; a — KO-
(GuIHEeHT 00paTHOTO paccesHHs B Yros 27 cTep; MHOXHUTEIb 1/2 BO3HHKAET M3-3a
TOJTHOM ICTIONAPH3AIMH H3TYYCHHS IPH PACCETHUH. [IPHOTIKEHHO Qyenep = (P/L)?,
rae P — nuamerp xpucramia, L — cpenHee paccTosHEEe MEXKIY 3€pKaJioM U pac-
ceuBareneM. J{is nneanpHOTO paccemBarers 2y, = 27. B akcniepumente L = 100 cm,
P=18cwm, r=1,0. IIpu paccesuun Ha oBepxHOCTU @ =~ 0,9, Qe = 271, @ IPH 00B-
eMHOM paccessHuH o = 0,5, HO Qpqcc < 271, [ToaTOMY TOPOroBO€ yCHICHHE HAa TPOXO.T
B 000mX ciryuasx omHoro mopsaka K ~ 200. Mcmons3oBanue B jga3epe 3epkana 4 He
MIPUBOJUT K TIOSIBJICHUIO PE30HAHCHBIX CBOMCTB, HO CYIECTBEHHO MOHMKAET TOPOT
rerepaiuu. [Ipu UCHONB30BaHUK BYX paccerBaTesel mopor reHepalyn J0CTUTa-
cs1 661 pu yemnennn K ~ 4-10°,

4. Ha puc. 2a npuBeieHa OCIUIUIOTpaMMa M3JIyYEHUs J1a3epa NpU HaKadke
HIDKE TIOPOTOBOM, a Ha pHc. 20 — TP HaKadyKe BBIIIE MOPOTOBOW MpH 0OpaTHOU
CBsI3M Ha 00BEeMHOM pacceuBaTenie. Ha puc. 26 oT4eTIMBO BHAHBI 3aTyXarollue
MyJbCAIUK, XapAKTEPHBIC JJIsl peKUMa renepaiuu. [lopor mpakTHUeCKH He 3aBUCHT
OT yrila HaKJIOHA PAcCeMBAaTellsl B IIMPOKHUX Ipejeliax, HO MOBBIIIAETCS TPH yaale-
HHUHU pacceuBarelis OT KpHCTallia, u4To coriacyercs ¢ ycinosueM (1). MccnenoBanue
CIEKTpa MPOU3BOAUIOCH C IOMOIIBIO 3Tanona ®adbpu—Ilepo ¢ BO3AYNIHBIM MpOMe-
kyTkoM 3 cM. IlIupuHa nuHuM w3nydenns Obuta Menbire 0,015cM™ 1 ompeens-
Jach paspenraronieii CiocoOHOCThIO 3TaloHa (IIMPHHA JTHHUKM CIIOHTAHHOTO M3ITY-
uenns pybuna 15 cv ). MccnenoBanue criekTpa OGUEHMH M3ITyYeHHs 10KA3a7I0
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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.
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OTCYTCTBHE 4acTOT THMa ¢/2L, XapakTepHbIX [UIs JIa3epOB C PE30HAHCHOM 0OpaTHOM
CBsI3bI0. YTJIOBas pacXOMUMOCTh U3NyueHus ~ P/L, a pacrnpenencHue mosst uaiyde-
HUS B JalibHEW BOHE SIBIISICTCS BeCbMa OJHOPOAHBIM. [Ipu Monymsiuuu 1o0poTHOCTH
CTOXaCTUYECKOTO Pe30HaTOpa ObLT MOTYUYeH UMITYIIBC ¢ UTenbHOCThIO 200 Heek.

5. CpenHAg 4acTOTa TEHEPHUPYEMOTO H3IIYYEHHUS B Ja3epe ¢ Hepe30HAHCHOI
00paTHON CBA3BIO OMpEeNsieTcs MOJI0KEHHEM IIEHTpa aTOMHOTO Iepexona, a He
pe3onaHca obOpatHOi cBsa3u. CiemoBarenbHO, HA OCHOBE Jiazepa ¢ HEPEe30HAHCHOM
00paTHOW CBSA3BI0 MOYKHO CO3/IaTh ONTHYCCKUAN CTaHIAPT YacTOTHI. [t 3TOTO Clie-
IyeT MCIOJIb30BaTh aTOMHBIE TIEPEXO0/bl C OONBIINM KO3()(UIIMEHTOM yCHUIIEHHS B
razoBoM paspsiae Ne, Xe u ap. B HEMPEepHIBHOM PEXHME, a TAKXKE PACCEHBATEINH C
Y3KOH AuarpaMmmoii 00paTHOTO pacCestHHUs.

6. Cieqyer OTMETUTB, YTO TeHepanus ¢ OOpaTHOM CBS3BIO 3a CUET PAaCCEsIHUS
Ha HEOAHOPOAHOCTSIX KpUCTaIU1a U OOKOBOM MaTHPOBAaHHON MOBEPXHOCTU KpUCTAILIA
MOJKET OTPaHUYUTh MaKCUMAIIbHOE YCHIIeHHe. TeopeTHuecKu cirydail TeHepanuy Ha
CITYJalHBIX MOJIaX» OOKOBOW MAaTHPOBAaHHOW ITOBEPXHOCTH KpHCTallla paccMar-
puBaiics B padore ®ieka [3]. B Hammx sKcriepuMeHTax Takasi FeHepalus BO3HUKaA-
J1a IpY MaKcUMaJbHON Hakauke. B 3ToM ciydae reHepanusi IpoUCXOIUT B Onpese-
JIEHHOM KOHYCE YTJIOB.
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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 AE 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 o ~ 107°.

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
2 _ . _
T WaoNg + Wiply — Wosl, =W, N,; Ny + N, + Ny =1

= —Wopl3 + Wya My — Wiy N3 + Wysly — Wa, Ny + Wsl,,

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

# JETP Lett. 1966. Vol. 3, No. 11. PP. 286—288.
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MHBepcHaA HaceNeHHOCTb Npu aanabaTnyeckom
pacluMpeHumn rasosoi cmecu’
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B mocnemHee Bpemst OBbLIIO MPEASIOKEHO HECKOJIBKO HOBBIX CIIOCOOOB TOJTY-
YEeHUsS] HHBEPCHOM HaceneHHOCTH [1-3]. B 3Toit cTaThe mMokas3aHo, 4TO B HEKOTOPBIX
CcMecsX MOJIEKYJISIPHBIX Ta30B IPH anabaTHYeCKOM paclIMpeHUH BO3HUKAET M He-
KOTOpOE BpeMsi CYIIECTBYET COCTOSHHE WHBEPCHOM HACEJICHHOCTH MO KojeOaTemb-
HBIM YpOBHSIM. [IJIst 3TOr0 MOJIEKYJBI CMECH JIOJDKHBI UMETh CYHIECTBEHHO pa3iiHy-
HbIC BPEMEHA KOJeOaTelnbHOW penakcanuu M 001agaTh CIOCOOHOCTHIO OOMEHH-
BaTbCS DHEPTHUEH KOJIeOaTeTLHOTO BO30YKICHUS.

D¢ dexTrBHAs Nepeaaya KoiaedaTenbHOro BO30YKICHUS MEXIY MOJIEKyIaMu
pa3MYHOTO COpTa MPOMCXOJWT B TOM CiIydae, €CIUM JHEPrUH KoJieOaTeNbHBIX
YpOBHEH MOJEKy OIM3KH ApYyT K Apyry. TodHee, 1uis pe30HAaHCHOTO 0OMeHa SHep-
rHei KoedaTelbHOro Bo30YKICHHs TOJDKHO BBIMONHATHCS ycnoBue |AE|< KT, rae
AE — nmedunut sHEprum.

B kauectBe nmpuMepa pe3oHaHCHOTO 0OMEHa KoJiebaTellbHbIM BO30YyKACHUEM
MOKHO MPUBECTH CMECH a30T—IBYOKHCH yIJIepoJa M a30T—IBYOKHCH a3oTa [4]. ¥V
MepBOi cMeCH 0OMEH MPOUCXOIUT MEXTy YpoBHeM V = 1 monexynsl N, 1 ypoBHEM
(00°1) monekysbr CO,. IIpy KOMHATHO# TeMIepaType BEepOSTHOCTH TepeadH MpH
OJIHOM CTOJIKHOBEHHH MOJeKyI a ~ 107 [4].

Jnst mpOCTOTHI MPEAIIONOKHIM, YTO KOHIEHTPAIMs MOJIEKYJI-HOCHTEJIEH KO-
n1e0aTeTbHOTO BO30YKICHUS B CMECH MHOTO OOJIbIIIe, YeM KOHIICHTpAIus pabodmx
MOJIEKYJ1, [0 YbHM YPOBHSIM BO3HHMKAET COCTOSIHUE MHBEPCHH, TOTJa MIPH ONHUCAHUN
pellaKCaMOHHBIX TPOIIECCOB KOHIICHTPAIMIO BO30YXKJIEHHBIX MOJIEKYJI-HOCHUTEICH
B CMECH MOXKHO CUMTAaTh HEM3MEHHOH BO BPEMEHHU.

YpaBHEeHHs, KOTOPbIC OMUCHIBAIOT U3MEHEHHE YKCIa MOJICKY pabovero rasa
Ha TpeX KoJeOATENbHBIX YPOBHSIX, OJJMH U3 KOTOPBIX (TPETHii) MOXKET 0OMEHHUBATH-
csl KoJeOaTebHBIM BO30YK/ICHHEM C YpoBHEM D Monekynbi-HOcUTENs (CM. pHCY-
HOK), 3aIUIIyTCS CIIEAYIOIINM 00pa3oM:

dn
3
at ~Wop N3 + Wha Ny — WaqNg + Wl — Way Ny + Wosly,
dn, )
_dt = W32n3 + lenl — W23n2 — W21n2, nl + n2 + n3 =N.

3neck Wya — BEPOSITHOCTH BO30YKICHUs paboueil MOJICKYJIbl U3-32 CTOJIKHOBEHHH C
MOJIEKYJIaMU-HOCUTEISAMH, HaXOAAIIUMHUCS B BO30YKICHHOM COCTOSHUHU, Wap — Be-
POSITHOCTH 0OpaTHOH Iepenadu Bo30yKAeHHs OT paboueil MOJIEKYJbl K MOJICKYJaM-

* MucbMa B XKITO. 1966. T. 3, Bbin. 11. C. 436—439.
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b N, Zs  CO, Wis, Wap, etc. are the probabilities of the thermal

v=1 ~_ 3 relaxation of the working molecule between the
¢ “321 %3 corresponding vibrational levels.

2 Assume that the process of adiabatic expan-

darf [*a sion of the gas mixture is fast enough so that the

%a) |%12  time interval during which the gas is cooled from

y=0 2 1 the initial temperature T, to the final one T, 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, _ a(ay —as) exp[—Eb_EaJ
k, )’

n Ay (o + agy + 03:)
where a1, azy, and asz; are the probabilities of relaxation after one collision. It is as-
sumed that the final temperature of the gas mixture T, is such that thermal excita-
tion of the molecule (i.e., the probabilities wis, W3, and wy,) can be neglected, but
the deactivating collisions cannot be neglected and KT,>|AE|. We see from the

formula that no inversion between the levels 3 and 2 is obtained if as, > ay;. If the
condition «,, > 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 T,.

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 T; = 1000 K and T, = 300 K. If the final temperature of the gas mixture is of the
order of room temperature, then ay > ag; 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
~10 for the dry gas [6], and therefore (ns — n,)/ny ~ 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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HOCHTEISIM; Wa1, Wa3, Wz M T.JI. — BEpOSTHOCTH b N, AL Co,
TETJIOBOW pellakcaliuy padovell MOJeKylbl MeXIy — v=1 ~
COOTBETCTBYIOIIMMH KOJEOATETbHEIMUA YPOBHSIMIL. a 0‘32l 023
[Tyctp mporiecc anmnabaTui4eckoro paciu- — 2
peHusl Ta30BOM CMECH MPOUCXOJUT HACTOJIBKO 31| |03
OBICTPO, YTO MHTEPBAJl BPEMEHH, 32 KOTOPBIN ra3 an| a1
OXJIOXK/IACTCs OT HAYANbHOM Temmeparypsl Ty o _, 2 1

KOHEYHOH T, CYyLIECTBEHHO MEHBIIIE, YeM BpeMs
CcOOCTBEHHOHN KoJieOaTeNbHOM penakcalud MOJIEKYJ Taza-Hocutens. Yepes He-
0O0JBIION MPOMEXYTOK BPEMEHH I0CJIE OKOHYAHUS PACIIUPEHHS ra30BOM CMECH B
ra3e yCTaHOBHUTCS CTAllMOHAPHOE pacIipelieieHne 1Mo KojaeOaTeNbHbIM yPOBHIM pa-
00YNX MOJIEKYII.

Benmunnay nHBEpcHN MeXIy ypOBHIMHU 3 U 2 HAXOAUM OOBIYHBIM CIIOCOOOM,
NpUpPaBHUBAs HYJIIO IPaBble YaCTH YPaBHEHUH, TOTAa

ns—n,  alay —as) E,—E.

exp| — ,

n ay(a+ag +ay) KT,

T 1, O3, 031 — BEPOSTHOCTH PEJIAKCALMK 32 OHO coynaapenue. [Ipennonaraercs,
4TO KOHEYHasi TeMIeparypa T, ra30BOil CMeCH Takasl, YTO TEIUIOBBIM BO30YKICHUEM
MOJICKYJIBI, T.€. BEPOSTHOCTAMH Wiz, Wo3, Wi, MOXKHO TpeHeOpeub, HO JEe3aKTHUBH-
PYIOIIMMY COyJIapeHUsMH npeHeOperats Henb3st, U KT,>>|AE|. 13 popmyis! BuHO,
YTO UHBEPCUIO MEXK/Y YPOBHIMHU 3 U 2 TOIY4UTh HEBO3MOXKHO, €CIH 032 > dp1. Ecin
BBINOJIHACTCS 0OPAaTHOE HEPABEHCTBO fy;>>(l3,, M BEPOSITHOCTH ( IIEpeaadn Koneda-

TEIBHOTO BO30YKIEHHUS MHOTO OOJbIIE, YeM BEPOSTHOCTb NE3aKTHBALUH YPOBHS 3
paboueli MOJICKYJIBI, TO HHBEPCHUSI IOCTUTAECT HANOOJBIIETr0 3HAUYCHUS U PaBHA OTHO-
CHUTEJIbHOIN KOHIIEHTPALMK BO30YKICHHBIX MOJIEKYJ Ta3a-HOCUTEIS NPpU HAa4YaJIbHOU
Temneparype T,.

[TokaxkeM Ha mpuMepe ra3oBol CMECH M3 a30Ta M YIIIEKUCIIOTO Ta3a, 4To METo-
JIOM a/I1a0aTHYECKOTO PaCIIMPEHHsT MOKHO TTOTyYHTh HHBEPCHYIO HACEIEHHOCTh Me-
xy yposaamu (00°1) u (10°0) monexyasr CO,, 1 Onpene M ee BeTuuuHy A T1=
=1000 K u T, = 300 K. IIpu xoHe4HOIi TemmepaType Ta30BOi CMECH MOPSIKa KOM-
HATHBIX UMEEM 01 > (i32, TAK KaK HA 9TOM ONTHUYECKOM nepexoje Moekyisl CO; pa-
OoTaer razoBblii nazep Ha cMecu N, 1 CO, nipu Bo30YKICHUH SIIEKTPHYECKUAM paspsi-
oM [5]. BeposiTHocTh fe3akTrBammn Monekyits CO, 3a omHO coymapenue ~107° wis
cyxoro raza [6], moatomy (nNz— ny)/ny ~ 1%, MmakcumanbsHOe 3Ha4UeHHe paBHO 3,5 %.

B 3akiroueHue ClieyeT OTMETHTh, YTO HENPEPHIBHBIA PEKUM aquadbaThye-
CKOTO pAaCIIUPEHHsI Ta30BOH CMECH MOXHO OCYIECTBUTH, MPOIyCKas Ta3 uepes
CBEPX3BYKOBOE COILIO.

ABTOpHI BeIpaxaroT npusHarenabHocTh JI.A. KyneBckomy u B.M. Mapuenko
3a JUCKYCCHH.
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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(A), W(2) K(2), W(1)
16F a 1.6F
0.8- 0.8-
0 L 0
1.6 C 1.6 d
\
\
\
\
0.8 0.8+ \
| BN
0 1 3 1 1 3 O 1 1
6000 7000 8000 4, A 6000 7000 8000 4, A

Fig. 1. Absorption (1) and luminescence (2) spectra: (a) Mg phthalocyanine in quinoling,
(b) phthalocyanine in sulfuric acid, (c) cryptocyanine in methyl alcohol, and (d) methylene
blue in sulfuric acid: measured (solid line), assumed (dashed line) (owing to the extremely
low quantum vyield 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 A4

# 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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onTuuyeckas reHepauus B pacTBopax C/IOXHbIX MOJieKyn’

b.U. CrenaHoB, A.H. Py6nHoB, B.A. MOCTOBHNUKOB

WUHCTUTYT pmsmkn Akagemmm Hayk benopycckoinn CCP
MocTynuno B pegakumio 15 nekabps 1966 r.

BriusiHue koe0aTebHOM CTPYKTYphl pab0o4YHX YpOBHEH Ha CBOWCTBA reHepa-
UM paccMoTpeHo B pabdorax [1-4]. B [4, 5] npoBenen moapoOHbI pacyer, JoKa-
3bIBAIOLINI BO3MOXKHOCTH MOJyYECHHs T'€HEpaldd B paMKax JBYX OJIEKTPOHHO-
KOJIeOaTebHBIX YPOBHEH, XapaKTEPHBIX MJIs IIUPOKOTO Kiacca Kpacurened u
JPYTHX CIOKHBIX MOJICKYI . J{J1sl HAKaYKK TaKMX COeAWHEHUIA B padore [7] mpemna-
rajgioch MCIOJIb30BaTh H3IyUeHHE PyOHHOBOIO Jla3epa, paboTAIONIEro B PEXKUME I'H-
TaHTCKUX MMITYJIbCOB. B 3TOi paboTe MpoBEICHO M3y4YCHUE ONTHYCCKUX XapaKTe-
pHCTUK (TATOIMAHUHOB PA3JIMYHBIX METAJUIOB, YTO MO3BOJIMIIO ONPEACIUTh KOH-

K(4), W(2) K(4), W(2)
1,6F a 1,6F
0,8- 0,8}
0 L 0
1,61 8 1,61 ~ 2
\
\
\
A \
0,8F 1 08F \
| A Ag \_/
0 1 3 1 I 1 3 0 1 - 1 1
6000 7000 8000 4, A 6000 7000 8000 4, A

Puc. 1. Cnekrpsl norsouienus (1) u momunecueruun (2): dratounanuHa Mg B XHHOIH-
He (a); ¢pramouuaHuHa B cepHOil kuciote (6); KpUNTOLUMAHWHA B METUJIOBOM crupTe (6);
METHJIEHOBOTO TOJly0OTO B CEpHOM KHCioTe (2): M3MepeHHble (CIUTONIHAS JIHHUA), TPEIITo-
jaraemble (IITPUXOBasi MuHWs) (M3-32 YPE3BHIYANHO HU3KOTO KBAHTOBOTO BBIXOJA JIOMH-
HECLIEHIIUH CBOOOMHOro (TajolMaHiHA U METHIEHOBOTO rojy0oro 3aperucTpupoBarh HX
CIIEKTPBI IKCHEPUMEHTAIBHO HE YAAIOCH JaXKe MPU BO30YXKICHUH PYOHHOBBIM JIa3€pOM).
JUTHHBI BOJIH: pyOHHOBOTO a3epa (4,), reHepanuy pacTBopos (A,)

# MucbMa B XKITO. 1967. T. 5. C. 144-148.
1 BO3MOXHOCTb MOyYEHUsI YCUNIEHUS B CMCTEMax Briepeble o60cHOBaHa B paboTe A.M. MBa-
HoBa [6].
101



B.l. Stepanov, A.N. Rubinov, and V.A. Mostovnikov

ph In this communication we de-
scribe optical generation observed ex-

|
i = perimentally at room temperature in so-
= lutions of four compounds: magnesium
r mi N phthalocyanine in quinoline, free phtha-
7 st locyanine in sulfuric acid, cryptocya-
Jl— 0.6cm {CIC [2CM  hine jn methyl alcohol, and the dye me-

120cm m thylene blue in sulfuric acid. Figure 1
shows the absorption and luminescence
spectra of these compounds and deline-

Sp ates the generation regions.

Fig. 2. Apparatus used to observe genera- The generation conditions con-
tion: ruby laser (r), cell with solution (c), sisted in the following. A solution of ac-
mirrors (m), photographic plate (ph), spec-  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"" 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 30-40 nsec duration, with energy 1.5J. A part of the pulse energy,
equal to 0.5 J, 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 5x107 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 (A4 = 8085 A) being much more intense than that with the shorter wavelength
(4 =7555 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 Ry =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 OKCIICPUMEHTAIBHBIC YCIIOBHS, E"H__
HEOOXOMUMBIC IS MOJy4eHHsT UX TeHepa- !

mi. B 1aHHOM COOOIIEHNH OTHCHIBACTCS BRE:

3P PEeKT ONTUYECKOW TeHepaluu, HaOIro- =
JABIINICA DKCIIEPUMEHTAIBHO MPU KOM- p 5 i A
HATHOM TeMIlepaType Ha pacTBOpax 4YeThbl-  [7 D

pex coeMHeHHH: (hTaonnaHuHe MarHus B DI:I 06cm {Tx 2cm
XUHOJIMHE, CBOOOTHOM (hTANOIMaHWHE B 120 cM 3

CEpHOI KHCIIOTE, KPUTOLIMAHWHE B METH-

JIOBOM CITUPTE M KpacuTele METUICHOBOM on

romyoom B cepHOM kucnore. Ha puc. 1
NIPEICTABIIEHbl CIEKTPHI IOIVIOMIEHHS M Puc. 2. Cxema HaOJIOICHUS TEHEPALWH:
JIOMUHECIEHIMY JTHX COEIUHEHHMH U OT-  PyOMHOBEIH snasep (p); KIOBETa ¢ pacTBo-
MeueHbI 00JIaCTU TeHEPALIH. pom (k); 3epkana (3); porornacturxa (¢m);
VenoBust Ui moiydeHus remepa- — Cnekrporpad MCII-51 (cm)

UM COCTOSUIM B CIIeAyIoIeM. PacTBop

AKTHBHOTO BEIECTBA MOMEINAICS B NPSMOYTOJIBHYIO KIOBETY TOJILMHON 6 MM ¢
TUIOCKONIApAIIETbHBIMUA TOYHO 00pab0TaHHBIMK CTEHKaMH. B cooTBeTCTBHU C pac-
getoM [7] KOHIEHTpAmHsi BEIIECTB BO BCEX Cilydasx Opamach okomo 5x10%°—
10" cm™>. KioBeTa moMemanach MeX/Iy [UIOCKOMAPAIIeIbHBIME AHANCKTPUIECKHU-
MM 3epKaJaMH, HMEBIIMMH K03(dUIMEHTH oTpaxenus B obmactu A~ 7600 A or
50 mo 99%. B HEKOTOpPHIX OMBITaX OTPAKAIOIINE MOKPHITHS HAHOCHINCH HA Ha-
PYXKHbBIC TPaHU KIOBEThL. B0O30yXkIeHHE MPOU3BOJIUIOCH C TIOMOIIBI0 pyOUHOBOTO
Jasepa B HaNpaBJICHUH, NEPICHINKYISIPHOM HAaIpaBICHUIO HAOIIOICHUS TeHepa-
muu pactBopa (puc. 2). PyOuHOBBIN ja3ep paboTaq B MOHOMMITYJIBCHOM PEXHME,
JlaBasi 3a BCIIBIIIKY OJWH UMITYJIbC JumuTenbHOCThI0 30—40 HCek ¢ sHeprueii 1,5 k.
st Bo30y»KIeHHs1 pacTBOpa BBIIEINSUIACH YAaCTh SHEPTUH MMITyJbca, paBHas 0,5 Ik,
CO CpPaBHUTEILHO PaBHOMEPHBIM paclpeelCHUEM PHEPIHHU o cedeHuro. [Ipu aTux
YCIOBUSAX HAOIIOAAIach TeHepals Ha BCEX TMEPEUHCICHHBIX BBIIIEC COCAMHEHHSX.
[enepupyeMoe H3IydeHHe 06Iagano pacxoaumocTsio 5x107 pax. JIauHb BOTH 1
CHEKTpaNIbHBIE IUPUHBI TCHEPUPYEMBIX JTMHHUHN ISl KaXKIOTO M3 BEIECTB MPHUBEIE-
HBI B TA0JIHLIE.

B cmexTpe reHepanuy KpUINTOIMAHWHA TPU OONBIMX Kodddummentax ot-
paKeHHS 3epKaj HaOIIoAI0Ch OJJHOBPEMEHHO JBE JIMHUH, TIPHYEM JNTMHHOBOJIHO-
Bast mHus (A = 8085 A) 6bina 3HAYMTENEHO MHTEHCHBHEE KOPOTKOBOIHOBOM (A =
= 7555 A). [Ipu yMeHbIIeHUH OTpaKeHHs 3epKal COOTHOIIGHHE MHTEHCHBHOCTEH
MEHSIJIOCh B TMOJIb3y KOPOTKOBOJHOBOW JIMHUU W3JTy4YeHHs M TpU Koddduimentax
R;1=99% u R, = 50 % mimHHOBOIHOBAS JIMHUS MCUYE3alIa COBCEM.

OnHOBpEMEHHO HAOIONANOCH CMEIIEHHEe KOPOTKOBOIHOBOW JIMHUU TeHepa-
MM B CTOPOHY MaKCHMyMa JTroMuHecneHnun Ha 49 A. Takoe n3MeHenue 4acToThl
XOPOIIIO COTJIACYETCH C TEOPETHUECKUMH TIpeacTaBiaeHusmu [4, 5, 7]. B uznyuenun,
TEHEPUPYEMOM PacTBOPOM CBOOOHOTO (hTANOIMAHNHA, COTIIACHO pacyeTam, JIOJDKHA
HaGMI0IaThCs BTOpAst JTHHMSA reHepamuy ¢ A = 9400 A. Takas nuHus He Gbina 3ape-
THCTPUPOBaHA M3-3a OTCYTCTBHS B HAIllEM pPAcMOpsDKEHHH HEOOXOAMMBIX (oTo-
MaTepHaoB.
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Table
Substance Luminescence | Luminescence Generation Generation

quantum spectrum wavelength, spectrum width,
yield, % width, A A 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 vyields 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 10000 A
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Tabanna
Bemecrso KsanToBbl1it [Mupuna JlnuHa BOIHBL CrnexrpanbHas
BBIXOJT creKTpa reHepaLuy, HMIUpUHA
JIIOMUHECLICHIINHY, | JFOMHUHECLICHIIVH, A reHeparLuy,
%
dranonuanuH 80 1250 7590 10
Mar"us
B XWHOJIMHE
dranounaHuH <0.001 1100 8634 10
B CEpHOM KUCJIOTE 7555
Kpunronnanux ~0.2 1200 8085 40
B METHJIOBOM
crupTe
Meruierossiit <0.001 1100 8350 40
roxy0oii

B CEpHOH KHCJIOTE

OTHoIIeHNE SHEPTUH, TeHEPHPYEMON PacTBOPOM, K SHEPTUHU BO30YyKIarole-
ro TOTOKa COCTaBISUIO Ui KPHUIITOLMAHWHA M MeTuieHoBoro roiyooro 10 %. B
JEHCTBUTEIHLHOCTH KOI(PGHUITUEHT MpeoOpa3oBaHus BO30YKIAIOMICH DHEPTHH Py-
OMHOBOTO Jla3epa B YHEPTHIO, TCHEPUPYEMYIO PACTBOPOM, 3HAUHUTENFHO BBINIE, TaK
Kak B JIAHHBIX YCJIOBHUSX OTBITA MOIJIOIICHHE PyOUHOBOIO M3IYUYCHHUS PACTBOPOM
0bUT0 HEed(PPEKTUBHBIM.

OnucanHssblii 31ech 3QPeKT ABIACTCS IKCIEPHUMEHTAIBHBIM J10Ka3aTelbCTBOM
MEPCIEKTUBHOCTH MOMYYCHHUS] TeHEPAIMU ¢ TIOMOIIBIO PA3IMYHBIX CIOXHBIX Opra-
HUYECKUX COCAMHEHHM, 00JIANalONNX IUPOKUMH MTOJIOCAMH MOTJIOIIEHHS U UCITYC-
kauus. [Ipu 3TOM OKasbIBaeTCs, YTO JUI TEHEpPAIlMd MOTYT OBITh HCIOJIh30BAHBI
BEIIECTBA C YPE3BBIUAIIHO HU3KUM KBaHTOBBIM BBIXOJIOM JIFOMHHECIEHIINH. Bmecte
C TeM MOJy4YEeHHBIE 3KCIIEPUMEHTANIbHbIC JaHHBIC MOKA3bIBAIOT, YTO CIOXHBIE MO-
JIEKYJIBI MOTYT HCIIOJIb30BAThCS sl 3(MPEKTHBHOTO MPeoOpa3OBaHUs H3ITyUCHUS
pyOHHOBOIO Ja3epa B KOIEPEHTHOE U3JyueHUE OOJIbIINX JJIUH BOJH. [Ipu n3MeHe-
HUM PACTBOPUTENS KOHIICHTPAIIMUA AKTUBHOTO BEIIECTBA M KOA(D(UIIMEHTOB OTpa-
’KCHUS 3epKall UCIIOJIb30BAHHBIC B JIAHHOM paboTe COCTMHEHUSI CMOTYT 00ECIICUUTh
6obIII0i HAGOp MMHMIT TeHepamuy B uHTepBane or 7000 1o 10000 A.
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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 ax. 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 o and its reflection 2a,— w relative to .
The absorption coefficient of the standing light wave acquires a dip at the frequency
@, 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 Agl of the

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

A, :i"’Aa)colv (1)

4

provided A%, < 1/7. For example, at a gas pressure of 107 Torr, when usually

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

# JETP Lett. 1967. Vol. 6. PP. 101-103.
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ABTOCTabununsauma 4acToTbl CBETOBbIX KoJsie6aHuM JNla3epa
HeJIMHEWHbIM NOrJiIolWeHNEeM B rase’

B.C. JletoxoB

dusnyeckmin MHCTUTYT uM. MN.H. Jlebeaesa Akagemumn Hayk CCCP
MocTynuno B pegakumio 16 noHa 1967 r.

1. W3BecTHO, YTO AJIsi CO3/aHUS KBAaHTOBOTO T€HEpaTopa C BHICOKOW CTa-
OWIBHOCTBIO YACTOTHI KOeOaHuii (CTaHaapTa YacTOThI) HEOOXOMMO UMETh Y3KHM
PE30HAHC YCHUJICHUS AKTHBHON CpENbl CO CTAOMIBHBIM TOJIOKECHHEM MaKCHMyMa
pe3oHaHca W MIMPOKUI PEe30HAHC MOTEePh B PE30HATOPE. DTOT MPHUHIIMIT JISKUT B
OCHOBE CTaHIapTOB 4acTOThl paauo [1, 2] u ontuueckoro [3] auamaszonoB. B Ha-
CTOSIIIIEM THCbME MPEAJIAracTCs MPHHIUIUATEHO IPYrodl MeToJ| CTa0HIH3aluu
YacTOTHI Jia3epa, KOTOPbI OCHOBaH Ha BOSHUKHOBEHUH B IOJIC CTOSYCH BOJIHBI Jia-
3epa y3KOro pe30HAHCHOTO «IpOBajia» B JIMHUH MOTJIOIIEHHS ra3a, MOMEIICHHOTO B
PE30HATOp, NPU IIMPOKOM W MEHEE CTAOWJILHOM PE30HAHCE YCUJICHUS aKTUBHOM
cpenpl. [IpeanoxeHHblii METO/] MPECTABISACT HHTEPEC JJIs1 CO3/IaHHsI ONTUYECKOTO
CTaHJIapTa YacTOTHI.

2. [lycth ra3 HU3KOTO JaBJICHUS] HAXOJAUTCS B TOJIE CTOSYCH CBETOBOM BOJIHBI
Ee'”*cos(kz), yacToTa KOTOPOro COBHAAET C JMHHEH PE30OHAHCHOTO IOTTIOMICHHUS
rasa Ha 4acToTe @y. B «ciabom» CBETOBOM I10JI¢, HE BHI3BIBAIOIEM HACHIIICHUSI 110-
TJIONICHUs ra3a, popMa JIMHUU TMOTJIONICHHS SBJSCTCS JOMIUICPOBCKON. B «cHitb-
HOM» CBETOBOM IMOJIE MPOUCXOJUT HACBIIICHUE MOMIONICHHS aTOMOB, Haubojee
3G PEKTHBHO B3aUMOJICHCTBYIONIHUX C TIOJIEM CTOSUEH BOJIHBI

B pesynbrate, hopma JTHHUY MOTIIOIIEHHS CYIIECTBEHHO U3MEHSIETCS U, €CIH
JIOTIIUICPOBCKAs IMPHHA JIMHUM 3HAYUTENLHO OOJBIIEC OMHOPOIHOW NIMPHUHBI, HA
4acTOTE @ U 3€PKAILHOM el OTHOCUTEIBHO (), YaCTOTE 2@y — @ BEDKUTAOTCS «IIbIP-
ku». KoahHUIMEeHT MoromieHus cTosuei CBETOBOW BOJTHBI PHOOPETACT «IIPOBAII»
HAa YaCTOTE @), W3-3a COBMHAJCHUS 3CPKAIBLHO-CUMMETPHYHBIX NBIPOK MPH @ = M.
Dro sBIIEeHME OBLIO MOAPOOHO U3ydeHo JIamOoM [4] mus ciyuast ycuiamMBaromiei ra-
30BOH Cpellbl U HOCHT Ha3BaHUE IIMOOBCKOTO MTPOBAJIa.

Ecnu ra3 umeeT HU3KOE AaBIICHUE, a BEPOSTHOCTh PAIUAIIMOHHOTO MEPEX01a

b
IOTJIOIIAar0INX aTOMOB A21 Maja, IMpoBaJ B JIMHUU MOTJIOMICHUS MOXKET OBITh BECh-

Ma y30k. Ilupuna ero Aw, omnpenenseTcs BpEMEHEM IIPOJiETa aTOMOB Yepe3 JIy4
ro = d/vg (d — aumamerp nyda, vy — CpPeaHsIE CKOPOCTh ATOMOB) U YUIMPEHHEM JIH-
HUH 3a CUET CTOJIKHOBEHUH A @,

A, :i+Aa)CT, 1)
)

*MnucbMa B XKITD. 1967. T. 6. C. 597—600.
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3. Let us place in the laser cavity a cell with absorbing gas, whose absorption
line at the frequency a, coincides with the gain line of the active medium at the fre-
guency ; (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 a,. The
transition to the self-stabilization mode is effected if the generation frequency w is

maintained within the limits of the dip (jo— ay| < Amy,). If the laser active medium
has a Doppler inhomogeneous broadening line width Aan,, and a homogeneous
width Aw, < Aapgp, then the self-stabilization conditions take the form

s _i Aw, i a Aw, a® Aaw,

= , S, = , SyE——x] 2
Y ke TP py kAo, 0 K° Aw @

where c 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

o=wy+5,(Q-a,)+(S, - S;) (w0, —a,), (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 Aw, and we put S; = 0. Expression (3) was derived
under the assumption that at p,, pp, < 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 Aay, < Ay, Ke, Aapgp, as a result of which we get S, S;, Sz < 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,4, within 0.003 cm™?, at an absorption
coefficient k = 0.17 cm™/Torr and Awe = 5 MHz/Torr [5]; 2) the 3.5070-um 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=0.1cm™/Torr [6]. At a gas pressure
107 Torr it is possible to obtain a deep dip with width Aa,=5x10" Hz by using a
field of intensity 102 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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ecnu Ag1<< 1/7. Hanpumep, npu paBinennn raza 1072 Topp, Koraa oObIMHO Ay =
~10%10° ', myist ny4a quametpom d =1 cm (vg = 10°-10° cM/cek) NIMpUHA MPOoBa-
na Aay, =2-10°-2-10° T’

3. Ilycth B pe3oHaTOpe Na3epa HAXOAUTCS KIOBETA C MOTJIOIIAIONIMM Ta30M,
JMHUS TIOTJIONICHUsI KOTOPOTO HA YacTOTE ), COBHANAeT C JIMHHEH YCHICHHUS aK-
THBHO# CcpeJibl Ha 4acToTe @, (pUcyHOK). [Ipr J0CTATOYHOM MPEBBIICHHN HAKAuKH
HaJ| TOPOroM, Korzia o0pasyeTcst poBal B JIMHUM TTOTJIONICHUS, YaCTOTA TeHEPAIN
® aBTOMaTHYECKH CTAOMIM3UPYETCs B 001aCTH MUHUMYMa MOTEPh Ha YacTOTe Mpo-
Bana @y,. [lepexo] B pexXUM aBTOCTAOMIN3AIMN JOCTHIAETCs, €CIIM YacToTa reHepa-

MK @ TIO/IZICPKUBAETCs B pesesax nposaia (|o— ay| S Aay). Eciin aktuBHas cpe-
Jla Jla3epa UMEET NOMNIUIEPOBCKYI0 HEOJHOPOJHYIO JIMHUIO YIIMPEHUSA C LIUPUHOU
A@pon ¥ OTHOPOTHOM MIUPUHON A @, < A@jon, TO YCIOBHS aBTOCTAOMIM3AIMH UME-
10T CJIETYIOIINI BU/I!

SlziA_a’b, Sz_iaA_a)b Ssza_A_a)b«L @)

pb k Aa))lon
1€ ¢ — CKOPOCTh CBETA, p, = LIEZ, Pb= bE2 — IapaMeTpbl HACBIIICHUA YCUIICHUA U
MOTJIOIICHHUS COOTBETCTBEHHO, &, k— KOB(b(l)I/ILII/IeHTI:I YCUJICHUA U IOTJIOLICHUA Ha

CANHULY JJIMHBI COOTBETCTBCHHO. Yacrora réHepanumn @ B pCKUME aBTOCTAOMIIH-
3alur OIIPEACIIACTCA BBIPAKCHUCM

wza)b+Sl(Q—a)b)+(SZ—SS)(a)a—a)b), 3)

rae (2 — gactoTa pe3oHaropa. B ciydae akTHBHOW cpelbl ¢ OHOPOTHON JTUHUESH
ycuaeHus BeipakeHue (3) ocTaeTcsi CIpaBeIUBBIM, €CITH B S; 3aMEHHTH JOTIILIC-
POBCKYIO IIUPUHY Ha OJHOPOIHYIO A@, 1 moJaoxuTh Sz = 0. Beipakenue (3) mosy-
YEHO B MIPEAMOIOKECHUH Py, Py < 1, HO 3(h(heKThI aBTOCTAOUIM3AIINH CYIIECTBYIOT U
1py GONBIINX 3HAYCHHSX MapaMeTpoB Hachienns . U3 (2) u (3) ciexyer, uto cra-
OuM3HpyIolee ACHCTBHE TIOTJIOMIAONIEr0 Ta3a OOBACHIETCS BO3HUKHOBEHHEM
Y3KOTO MPOBaja C MUPUHON Awy < Aw,, Ke, Aoy, 38 CHET KOTOPOTO MapaMeTphl
Sl, Sz, 83 < 1.

4, Jlnsg OCyIIeCTBJICHHUS TPEIIOKEHHOTO Jlazepa HEOOXOAMMO I0I00paTh
aTOMBI WJTH MOJIEKYJIBI, 00JIaJaroIIne JTHHUEH MOTIIOMEHHUS Ha YacTOTE M3TyUYCHHUS
nazepa HEMPEPhIBHOTO ACHCTBHSA. YKaKeM Ha CICIYIOUIHe JBE BO3MOXHbBIC Ma-
por: 1) mumms 3,3913 mxm He-Ne-nasepa coBmamaer ¢ JIMHHEH MOTJIOMICHHS
2947,906 cmt mouekysbl CH, ¢ Tounoctsio 0,003 emt pu K03 PUIUEHTE TOTJIO-

1 PesynbTathl ANA Clyyas CUbHOMO HaCbILEHUS U YCIOBMSA YCTOMUMBOCTU BYAYT M3M0XKEHbI
B Noapo6Holi nybnukaumn.
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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 Ap=10%-

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

sures (~10™ 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 Aa, =10%Hz. In

addition, with A%, =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 Aa, = 10° Hz for the absorption dip
and an accuracy 107 for the stabilization of the resonator frequency Q and of the

gain line frequency @, With p, =0.1-0.3 and Aw,, ke = 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 a,. At low gas pressures
(107°-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.
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mermst K = 0,17 e /Topp 1 Awe, =5 MI'/Topp [5]; 2) munms 3,5070 mxm He—Xe-
Jlazepa coBmajaer ¢ JmHuel nornomenus 2850,608 omt mounekyssl HyCO ¢ TouHo-
ctbio 0,007 em™ ipu k = 0,1 ecm™/Topp [6]. Ipn naBnennnu rasa 102 Topp MOKHO
MOTY4HTh CyQOKMH mpoBan ¢ mupuHOit Ay, =5-10° i mox meficTBueM mons ¢
uHTeHCHBHOCTHIO 1072 Br/eM?,

B kadecTBe MOTIOMIAIONIMX MOJIEKYN B PSAE CIIy4acB MOXKHO HCIIOJIB30BaTh
MOJIEKYJIbl aKTUBHOM Cpebl MPU OTCYTCTBHU BO30YXIEHUs, TaK KaKk YCJIOBHE COBIIA-
JICHHS YaCTOT yCHJICHHS U MOTJIONIEHHS B TOM CITy4ae BBIIOIHACTCS aBTOMAaTHIECKH.

[TpuBeneHHbIC MPUMEPHI TOTIIOMAIONINX MOJIEKYJI SBIISIOTCS JAIeKO HE OIl-

THUMAJIBHBIMM, TaK KaK JUIs HUX Aglz 1 cex'. Haubonee BBIFOHBI ATOMBI WITH MO-

nekysl ¢ Ab=10°-10° cex™. Tlpu Takux 3HaueHHAX A MOXKHO HCIIOIB30BATH
BEChMa HM3KHE JaBIeHHs moraomaromero rasa (107 Topp), uto rapantHpyer BbI-
COKYIO CTaOWJIBHOCTH IIOJI0’KE€HUSI JIMHUY TOTJIOIEHUs @y. IIpu cTonb HU3KUX HaB-
JICHUSIX UTMHA CBOOOAHOTO Mpo0era COCTAaBISET AECATKA CAHTUMETPOB H, CIEA0Ba-
TEJIBHO, IPM MHOTOKPAaTHOM TIPOIYCKAaHHH Jy4a 4epe3 MOTJIOIIA0IINN Ta3 CTPOro
napajjieibHO caMOMy ce0e 3a CUeT MOJIEKYJ, NEPEeceKaroluX I0CIIeI0BATEIbHO
HECKOJBKO JIy4ei, MOXKHO MOJYy4YUTh BECbMa Y3KHI MNpoBal ¢ LWIUPUHOUH A, =
=10°T'u. Kpome Toro, mpu Aglz 10°~10° cex™ CYIIECTBEHHO CHMKAETCS MOII-
HOCTh, HEOOXO0MMast JI7Isl 00pa30BaHMs MPOBAa.

5. BIIOJIHE peabHO MOJTyUeHHe POBaIa MOMIOMIEHHs ¢ MHpUHOi Awy, =10° '
U cTaOWIIM3aIUs 4acTOThl pe3oHaropa (2 M YacTOTHI JIMHUU YCUIICHHS ), C TOYHO-

crero 107°. B atom ciyuae mpu pp = 0,1-0,3 u Aw,, ke = 10° 'y MoxkHO OKHIaTh
CTaGMIBHOCTH YACTOTHI T€HEPAIHH ( OTHOCHTENBHO @), Topsimka 107, ITostomy
abCcoOTHAsE CTAaOUIIBHOCTh YacTOTHI TeHepaluu OylIeT OnpenensThes CTaOUIbHO-
CTBIO YACTOTHI JIMHMM IOIIOMEHHS . IIpM HU3KHX JaBIeHmsax rasa (107°—
10™* Topp) CTaBUILHOCTD LEHTpa THHHH MOTIOMEHHS OyIeT ONpEeNeNsThes B3aH-
MOJCHCTBHEM MOJIEKYJ CO CTEHKAMH KIOBETHl W, TIO-BHINMOMY, MOXET OBITH HE
xyxe 107,

ABTOp ri1y0oko Onaromapen akagemuky H.I'. BacoBy 3a oOcyskaeHue U MOJ-
JICPIKKY HACTOSIIEH paObOThL
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Absorption saturation effects in a gas laser?

V.N. Lisitsyn and V.P. Chebotayev
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Submitted September 7, 1967

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 107 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 T, with an accuracy to the first terms of expansion in the standing wave
field with the amplitude E, can be written in the form

2 2
ol Bl (] o
RIT, |” T2+ (Q-A) kv
|, 2BEf r3 (ay
T_TO{l BT, {1+r§+92}}ex{ (kvj } @)

# Sov. Phys.-JETP. 1968. Vol. 27. PP. 227-229.
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3 dexTbl HacbIWEHNs NOrnoWeHns B ra3oBoM nasepe’

B.H. JiucnybiH, B.I1. Yeb6o0Taes

NHCTUTYT dunsmkm nonynposogHMkos Cubumpckoro otaeneHms Akagemum Hayk CCCP
MocTynuno B peaakumio 7 ceHTsabps 1967 r.

Hccnenoranich xapaktepucTuku uznyuenus He—Ne-nazepa ¢ JUTMHOM BOJHBI
A =0,63 MKM U1 TIOTJIOMIAONICH TYCHKOM ¢ Pa3psIoM B YUCTOM HeoHe. [IpoBait B 1ieH-
TPE JIMHUY TIOTJIOIICHUS BBI3bIBAJ MK MOIIHOCTH T€HEpaIliH, IIUPHUHA KOTOPOI'O OIl-
penemnsuiach JOPEHIIEBON IMMPHHON JIMHWUW ToriomeHus. Habmrogamoch ymmpeHwe
15+ 10 MI't Ha 1 MM pT. CT. IMKa MOIIHOCTH C YBEJIMYCHHWEM JABIICHUs HEOHa, a
TaKXKe CMEIICHUE TIHKA M0 OTHOILICHUIO K MAaKCUMYyMY JIMHUM ycuieHus. CIBur -
HUM HEOHA TpU JOOABICHUM T'eJIUS M HEOHA OKAa3ajCs COOTBETCTBEHHO PaBHBIM
21+3 1 6,2+2MI't Ha 1 MM pt. cT. [lokazaHa BO3MOXKHOCTb HCIIOJIL30BAHUS OITH-
CBHIBAEMOTO SIBIICHUS JJIsI LIeNield BOCTIPOU3BOMUMOCTH yacToThl. Coobiaercs o Joc-
THYKEHUH a0COIIIOTHON BOCIpOoU3BOANMOCTH YacToThl He—Ne-na3epa mopsiaka 10°°.

1. Uzyuyenne 3(h(pekTOB HACHIIEHHS B ra3aX B ONTHYECKOM 001acTH CIieKTpa
OTPAaHUYHMBAIOCH B OCHOBHOM HCCIICIOBAaHUEM MOBEICHUS aKTUBHOM CPEIIbI B PE30-
marope OKI' [1-4]. MbI Hauanu u3y4aTh HACHIIMIEHHE TIOTIOMIEHUS IBHKYIIIAMHUCS
aToMaM# B CUJIBHOM IIOJIE€ CTOSIYE€W BOJIHBL. 31€Ch, KaK U B CIy4Yae HACBIILECHUS YCU-
JICHHSI, MOTYT HaOJIFOIaThCS SBIICHUS, 00YCIIOBJICHHBIC BO3HUKHOBEHUEM MPOBAJIOB
B pacIpeeleHuH aTOMOB 10 CKOPOCTSM MO AeiicTBueM moiiss. Hanboiee mpocto u
©CTECTBEHHO U3y4aTh 2P (EKTHl HACKHIICHUS TIOTJIONICHHS C SIEHKOMH, TOMEIIEHHOMH
B pe3onarope OKI'. OgHako mpu 10CTaTO9HO OOINBIIIOM 3HAYSHHUH MOTIIOMICHUS 3TO
HACBIIICHUE B 3HAUUTEIBHOM CTENEHH OMNpEACNieT XapaKTePUCTUKU H3IYUYCHUS
OKT'. Bnusaue Hachimenus moriomenus Ha xapaktepuctuku OKIT craHOBUTCS
0COOCHHO TPHBIIEKATENBHBIM, KOTJ]a yAapHbIE ITUPUHBI, a CIEIOBATENBHO, U Mapa-
METpPBl HACHIIICHHUS, OKA3bIBAIOTCS 3aMETHO pa3iuyHbiMU. HackllieHue morioiie-
HUS B IIPUCYTCTBUU CTOJKHOBEHHMH 3aBUCUT OT XapakTepa CTOJIKHOBEHUH. J{ns ka-
YECTBEHHOTO OITMCAHMS ABJIEHUH MBI OyIeM HCIIONB30BaTh MPOCTEHUIIYI0 MOJAECIH
JIOpeHIIeBa ymupeHus. B cioyyae jnopeHnieBa MexaHu3Ma ymupeHus ycuieHue G u
MOTJIONICHHE | C TOYHOCTBIO JO TEPBBIX WICHOB PA3JIOKEHHUS IO MO0 CTOSYCH
BOJIHBI C aMIIUTYA0U E mpeacTaBuM B BUE

2| BE[ 2 AV

G=G,l1- |f| 13 lexp —( AJ , )
RIT, |” 2+ (Q-A) kv
2| pE[ 2 2

T=Tyq1- Lﬁ | 1+ Zfz = | texp —(2) : (2)
hIT, I;+Q kv

# XOTP. 1968. T. 54, Bbin. 2. C. 419-423.
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where Gy and T, are unsaturated gain and absorption at the line center; T is the
quantity related to the lifetimes of the upper z,, and lower z; levels by the expression
1T =17 +7; I and T, are the Lorentzian half-widths in amplifying and absorbing
media related to the natural half-width T’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 =Ty +V; and I', =T, +V,, 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 T',.
The equality of the gain and absorption to the resonator losses R allows one to de-
termine the field in the resonator:

2 _ 2
|E|2;F’L£1 1T _R 1+(Q Aj
28 G, Go kv

2 2 -1
X 1'|'%—T—0i 1+% . (3)
IT+(Q-A)° Gy T, I;+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

To/Go > (T2/T1)’. 4)

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 5x10 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 ToI'1 /G T', < 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 Go u To — HEHaCHIIICHHBIC YCHUIICHUE U MOIJIONICHUE B IICHTPE JuHuK; I — Be-
JINYMHA, CBA3aHHAsI C BpEMEHAaMU KU3HU BEPXHETO Ty U HUXKHETO T, YPOBHEN COOT-
HomenueMm 1T =1, +17,;; Ty u T, — JopeHIieBbl noNymupuHbl (B YCHIUBAIOMIEH H
MOMVIOLIAOIIEN Ccpefax, CBSI3aHHbIE C €CTECTBEHHOW NoJiymupuHoil [y, paBHOI
CyMM€ PaJMallMOHHBIX TOJYIIMPUH pa0OYMX YPOBHEW, M YACTOTOW CTOJKHOBCHHI
V, npuBoxsmeii kK cOOw ¢a3bl, COOTBETCTBEHHO cooTHomeHusmu ['1 =1 +V,

I';=Ty+V,;  — paccTpoiika OTHOCUTENBHO LIEHTPA JIMHUM MOTJIOMIeHNusd; A —

CIABHI' LICHTpPA JIMHUA YCUIICHUA U3-3a CTOJIKHOBEHUH.
B BLIGpaHHOfI HaMH1 MOJCIIN BpEMs B3aHMOHeﬁCTBHH aTOMOB C II0JIEM HEC U3-

MCHACTCA MPU CTOJIKHOBCHUAX U 3(1)(I)CKTLI JAABJICHUA YYUTBIBAIOTCA JIMIIb B YJICHAX
Fl u Fg. s PaBCHCTBA PAa3HOCTU YCUJICHUS U IMOTJIOIICHUS IOTCPAM B pE30HATOPC R
OIIPECACIINM II0JIC B p€30HATOPE:

2 2
A Tr T, R Q-A
R N LV

5 -—| 1+
25 Gy, G kv

gf'=

-1
2 2

R v SR vY P v SR ®

IT+(Q-A)7 GyTI, r;+Q

[epBble nBa wjeHa B 3HAMEHAaTeJe CBsI3aHBI C OOpA30BaHHMEM XOPOIIO W3BECTHOTO
IpoBajIa MOIIHOCTH TeHEPAIMU B IEHTpe JTuHNK ycuaeHus [3]. Tperuit uneH, cBsi3a-
HBIH ¢ 00pa30BaHKEM IMPOBANIA B JIMHUH TOTJIOMICHHS, OMICHIBAET YBEIMUYSHNE MOIII-
HOCTH B LIEHTPE JIMHHUHU TIOTJIOIIEHHs. [IpyriMuy clI0BaMH, MUK MOITHOCTH Te€HEPAITUH
0T0OpakaeT BO3HMKHOBEHUE MPOBaja M3-32 TEPEKPBITHS «IBIPOKY», MPOKUTAEMBIX
CIJIBHBIM TIOJIEM B JIMHUU TIOTJIONICHUS. Y CJIOBUE TOTYUIECHUS UK MOIITHOCTH €CTh

To/Go > (F2 /T )3- (4)

2. DxcnepumenThl Obumn TipoBeneHbl ¢ He—Ne-mazepom Ha A = 0,63 MKM.
PaccTosiHre MeX/Iy 3epKanamu 010 paBHO 64 oM. Mcnons3oBamick m3oroms: Ne?
1 He®. OnHako ommchiBaeMble HIDKE SBICHHS HAOMIOIATHCH H C €CTECTBEHHBIM He-
oHOM. B ycunurensHoi TpyOke, HanomHsiemoit cmecbio He—Ne, Bo3Oyxnancsa pas-
P MIOCTOSIHHOTO TOKA, B MOTJIOIIAIOIICH stueiike Bo30yxaaincs BY paspsa. OnHo
U3 3epKall pe30HaTopa YKPEIUSUIOCh Ha Mhe30KepaMuKe, Ha KOTOPYIO MOJIaBaIOCh
HaNpsHKEHUE OT TeHepaTopa MUI000pa3HbIX HAMPSHKEHUHA. [ MHAMKAIUH HCTIOTb-
30BAUCH ocIiorpad u camonucen. 3aBUCUMOCTh MOIIHOCTH T€HEepaIly OT Yac-
TOTBI WCCIIEJIOBAJach B IIMPOKOM JMANa30HE JABJICHUN HEOHA B MOTJIONIAOIICH
TpyOKe U refiusi — B YCHUIIMBAIOIIEH.

[Mux MOWIHOCTH reHepanuy Ha KPUBOW 3aBUCHUMOCTHU TIOJISi OT YacTOTHI Ha-
Gurofancs B AManasoHe gaBieHuil Heona ot 5107 1o 4 MM pr. cr. Hammune muka
TeHEpAIMK MPH JABJICHUAX HEOHA B siUeiike, B HECKOJBKO pa3 MPEBBIIIAONINX JIaB-
JICHUE TeNUs B YCHJIMTENBHOU TpyOKe, TOBOPHUIO O MCHbIIECH BETHMYUHE yAAPHOTO
YIIMPEHHS B HEOHE 10 CPABHEHUIO ¢ renueM. [Ipy yBenu4eHUuH MOTIONICHUS BEIU-
YHHA MUKA YBEIMYMBAIACh B COOTBETCTBUH ¢ (opmyioii (3). [Ipu 3HaueHunsIX napa-
Mmetpa ToI'1 /GoI'; < 1 HabmonaeMas 3aBucuMocTh MOIHOCTH OKI' 0T yacToThI
xoporio onuckiBaeTcs Gpopmyioit (3). [Ipu yBeaudeHHUH TOTIONICHNS MOIIIHOCTh Te-
Hepaluu pacteT (YBEINUeHHE HeHACKIIIEHHOTO TOTJIOICHUSI TIPOM3BOIUTCS OJHOBpE-
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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[4#°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 ToI'1/GoI'; > 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 pye. 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 pm is caused only by radiative decay of 3s, and 2p, 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
~5x107 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

Pout 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
' A2 L mode selection, which is achieved due to the proper-
ties of the medium rather than due to the use of dif-

DUt power Py on the resonator fe_rent types of resonators. It ig very convenien'g Fhat
length L in the absorbing tube thls selection goes with the S|_multaneous stabiliza-
at pre = 0.1 mm Hg; in the am-  tion of the laser frequency with respect to the ab-
plifying tube at pye =0.1mmHg  Sorption line center. We observed an increase in the
and pye = 1.5 mm Hg output power in one type of oscillations approxima-

Fig. 1. Dependence of the out-
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MEHHO C YBEJIMYEHHEM HEHACHIIIIEHHOTO YCUJICHUS, TaK YTO MpeBbImeHNe Y)(eKTHB-
HOTO YCHJICHHSI HAJl TIOPOTOM OCTaeTCsi HEM3MEHHBIM). JTO NPUBOJHUT K YIIHPEHUIO
NHKa T0JIeM, YTO He yuuThiBaeTcsi Gpopmysioit (3). OLeHKH MOKa3bIBAIOT, YTO B Ha-
meM ciydae mapamerp Hacbimenus |SE[//A°IT, B mormommaomei Tpyoke MOT I0CTH-
raTb 3Ha4YeHMs mopsaka eauHunsl. Toraa B dopmyne (2) HEOOXOIMMO y4YHUTHIBATH
CIIeyIOIIMe N0 TOJII0 WiIeHB! pasnoxeHus. M, Hakonen, xorma Tol'1 /Gl > 1, Ha-
CTYIAKOT TUCTEPE3UCHBIC SBIICHUS [5] KaKk Mpy M3MEHEHUH YacTOTHI, TaK U MPU H3Me-
HECHHUHU YCUJICHUSL.

C pocToM maBieHHs HEOHA B IOTJIOMIAIOIIEH sdeiike Tarkke HAOII0JaloCh
yIIMpEeHUEe MuKa, 00yCIOBICHHOE CTOJKHOBEHUSAMHU. Hrke Ha puc. 2 mpencraBieHa
3aBHCUMOCTB JIOPEHLICBOM HONYIIMPHHBI JUHUNA B (YHKLIUH JABICHUS HEOHA Ppe.
OTH aHHBIC OOHAPYKUBAIOT 3aMETHOE PACXOXkKICHUE ¢ HAOIIOIaeMbIM YIIUPEHUEM
B CIIOHTAaHHOM H3iydeHnn B cMecn He—Ne, koTopoe OBUIO MOTydeHO OJHHUM U3 aB-
TOpoB coBMecTHO ¢ bennetrom u KnytcoHom. Bonee neranpHbIi aHAaIM3 3THX pe-
3yJIbTaTOB B HACTOSILIEE BPEMsI TPOBOUTCS.

Tpu naBieHusX HeoHa mopsaaka 107 MM pT. CT. IOpeHIIeBa UPHHA THHIH A =
= 0,63 Mk 00yciOBIICHa JIUIIb PAAUAIIMOHHBIM 3aTyXaHueM 3S;- B 2Ps-ypoBHei. U3
JIAHHBIX pa0OT JUIsl BPEMEH JKU3HU YpoBHe# 3S; [6] u 2P, [7] panuanuonHas mmprHa
nepexona 3S,—2p, 0e3 yuera paAualioHHOTO pachaja B OCHOBHOE COCTOSIHHE PaBHA
14,3-10° T, Pasmocts MEKIy HaOIr0maeMbIM Hamu 3HadeHueMm 2[5 = 28-10°T1 u
YKa3aHHBIM BBIILIE MOKET ObITh MPHUITUCAHA JOTIOJHUTEILHOMY BKJIAIy B YIIHPEHHE,
KOTOpPOE JIaeT MepexoJl B OCHOBHOE COCTOsIHUE. BeposTHOCTH 3TOr0 nepexona, cieio-
BaresbHO, paHa 8,5-10” + 10 cex . HaiiaeHHBII pe3yIbTaT MO3BOMSET CPABHATH Ha-
OmromaeMoe yJapHOE YIIUPEHHWE C PACUYeTHBIM B TIPEIIOJIOKCHUH PE30HAHCHOTO
obomena [8]. [To mopsaKy BENIMYMHBI SKCIICPUMEHTAIBHOE M PACcUETHOE 3HAYCHHS
yAapHOTo ymupeHus TuHUN HeoHa A = 0,63 MKM B COOCTBEHHOM Ta3e COTIIacyIOTCH.

Heob6xoamumo oTMeTuTh, 4To HaOII0JaeMblii HAMH CIIBHUT JIMHHUHU TIPU J00aBIie-
HHM HEOHA CBHJCTEIBbCTBYET O HAJIMYUM U JAPYTHX MEXaHWU3MOB YIIHPEHHs JIMHUH,
00YCJIOBIICHHBIX B3aUMOJICHCTBHEM CTATKUBAIOIINXCS YaCTHUII ¥ JAIOIINX aHOMAJIbHO
GObIIIE CeUeHHs yaapHOTo yimmpeHmst ~5-107* cm?,

3. Beenenne B pe3oHaTop n1azepa IOIJIOMIA0-
el SUeHKH CyIIecTBEHHO M3MEHSeT QOpMYy JMHHUH Py
YCHIICHUS CJ1a00T0 CUTHAJIA B IPHCYTCTBHU CHIIBHOTO
nosisi. (Mbl ©MeeM B BUIly n3MeHeHHe (HOPMbI JIMHUH
3¢ PeKTHBHOTO yCcHiIeHHUs, 00yCIOBICHHOE H3MEHe-
HHMEM pacripe/e]IeHHs] aTOMOB I10 CKOPOCTSIM B CHJTb-
HOM Tioyie ©e3 ydyera MHTepPEepEeHLHOHHBIX 3(QeK-
TOB, paccMOTpeHHbIX Payrmanom u CoOerbMaHOM
[9].) Cyxenue nuHHM MMeET MECTO B Mpejesax Jio- ;L
PEHIIEBO MIMPHHBI B TorJiomaroieii Tpyoke. Torma
THTT KOJieOaHUH, pacrojOKEHHBIA B IIEHTPE JTHMHUH
HCHIBITHIBACT 3AMETHO MEHBIIEE MOMOMEHHE MO . \oons | B normomaroueit
CPaBHEHUIO C COCEIHUMH. DTO PABHO3HAYHO CENEK~  1puGie pu.=01mMpr.cr., B
LUK MOJL, KOTOPAst TOCTHIaeTCs 3a CUET CBOMCTB CPe-  yeymrenphoii TpyOKe Pre =
Jbl, @ HE 3 CYET MCTIONB30BAHMA PA3IMYHBIX BUIOB =01 MMpT.cr. M Ppe=
pe3onaTopoB. OueHb yI00HO, 9TO TaKOM THII CENEK- = 1,5 MM pT. CT.

Puc. 1. 3aBUCHMOCTD MOIIHOCTH
reHeparmu Py, OT JUHMHBI 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
J40 40
136
15 132 20
128
24 1 1 1
' ' ' 0 1 2 3
0 0,5 1,0 15 PHe, MM Hg
pN61 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; pye = 0.1 mm Hg, pre = 1.2 mmHg  fying tube; pne = pne = 0.1 mm Hg
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MM COYETAETCS C OTHOBpeMEHHOU crabmmm3ammei yactorel OKI' oTHOCHTENTHEHO
IIEHTpa JIMHUY TOTJIOMEHUs. MBI HaOIIOMa YBETNICHIE MOIITHOCTH TeHEPAIlNH B
OJTHOM THUTIE KOJIeOaHWW MPUMEPHO Ha JBa MOPSIKA MO0 CPABHEHUIO C MOITHOCTBIO
3TOTO K€ TeHepaTopa Ha OJJHOM THIIEe KOJieOaHHii O3 TOTIIOMAIOICH TUCHKH.

4. Kak BuaHO U3 puc. 1, MUK MOIIHOCTH T€HEPALUU CMEIIEH OTHOCHUTEIBHO
[IEHTpa JIMHUU YCUJICHHs. Benumanna 3Toro cMenieHus A 3aBucera Kak OT JaBICHUS
HEOHa B TIOTJIoMmaromel TpyOKe, Tak M OT JaBJICHUS T'elIUs B YCUIUTEIIBHON TpyOKe.
OueBUIHO, YTO TEPBOE COOTBETCTBYET CABHUTY JIMHWW TIOTJIOIMICHHS, 0OYCIOBIICH-
HOMY CTOJKHOBEHUSMH HEOH—HEOH, BTOPOE€ — CABHUTY JIMHUU YCWJICHUS W3-3a
CTOJKHOBeHMI HeoH-Tenmid. Ha puc. 2 u 3 mpeacTaBieHbl COOTBETCTBEHHO 3aBH-
CHMOCTH CMEIICHHUS MHKAa MOUIHOCTU T'€HEpalud OT LEHTpaA JIMHUMU YCUJICHHS OT
JIaBJICHUS HEOHA B MOTJOIIAIOUIEN A4YEeWKE W JIaBJICHHS TelHs B YCUIIUTEIbHOU
TpyOKe. B mpenenax ommOKy n3MepeHuii CABUT JIMHUH JTHHEHHO 3aBUCUT OT JaBJIe-
HUsA. MakCUMyM yCHIICHHS C POCTOM IaBJICHHS TEHs CMEIaeTcsl B (GUOJICTOBYIO
o0nacth u BenuuuHa capura paBHa 21 + 3 MI'm Ha 1 MM pT. cT. B unctom Heone
LEHTP JIMHUK TOTJIONICHUST CMEIIaeTCs B KPACHYI0 00J1acTh, a BEJIMYMHA €r0 PaBHA
6,2+ 2 MI't Ha 1 MM PT. CT. B UCCJIEyeMOU O0JIaCTH JIaBICHUN. 3HAK CIBUTA OII-
penessuics ¢ nomonibio 10-cantumerpoBoro uuTepdepomerpa Dadbpu—Ilepo mpu
ckaanpoBanud 9acToThl OKI'. CoBuT MTHMHWY YCHIICHUS OY€HDb XOPOIIO COTIACyeTCs
C BBINTOJTHEHHBIMA HETaBHO U3MEpPEHUSIMH OHOTO m3 aBTopoB BMecte ¢ C.H. bara-
esbiM 1 FO.J[. KonomuukoBsim [10] npu uccnenoBanuu casura yactotel He—Ne-
OKT', HacTpanBaeMOro Ha MaKCUMyM JIUHUU YCUIICHUSI.

[Ipu naBnenuu renvst MeHee 1 MM pPT. CT. Ha KPUBOU 3aBUCHMOCTH MOIIHOCTH
TeHepalMyi OT YaCTOThl HAOMIOMAJICS Kak MpoBaj, Tak ¥ nuk. CMelleHne mpoBania
OTHOCHTEIHHO TTHKa CBHUACTEIHCTBYET O TOM, UTO CIIBHT MaKCUMyMa JIMHHUH yCHIIe-
HUS B TEeTUU OOYCIIOBICH B OCHOBHOM B3aMMOJCHCTBHEM, TIPH KOTOPOM JIMHUS
cMelnaeTcs Kak 1esnoe 0e3 CyliecTBeHHOTo u3MeHeHus (opMel, T.e. B cmecu He—Ne
CMEIIECHIE MaKCUMyMa JIMHUU yCUJICHUS U3-32 ACUMMETPUU 3HAUUTEIHHO MEHBIIIE
capura jguHuU 1o Betickondy. K aHamoruyHOMy BBIBOY MPHIILUIA aBTOPHI YITOMSI-
HyTOH BbIIIE paboThl, uccienys cmenienne yactorel He—Ne-OKI' mpu Hactpoiike
reHepaTopa Ha MaKCUMYM JIMHUHW YCHJICHUS W Ha TIPOBaj B MOIITHOCTH T€HEPAITHH.

[, MI'n A, MI'n A, MI'n
60
30
440 40+
-36
15 —432 20
-28
24 I I I
L L L 0 1 2 3
0 0,5 1,0 15 PHe, MM PT. CT.

PNe, MM PT. CT.

Puc. 2. Jlopennesa mmpuna u cMemenue nu-  Pue. 3. CMmenienne nuka reHepanuy npy us-
Ka TeHepalyy NpH W3MEHEHNH IaBJICHHUs He-  MEHEHHUHM JIaBJICHUS TeJIHs B YCHINTEIHHOU
oHa; Pne = 0,1 MM pT. CT., Pye = 1,2 MM PT. CT. TpyOKe; Prne = Prne = 0,1 MM pT. CT.
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broadening at 1 =0.63 pm 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

2(1-Tol/Gol,)  Go TS Gy [&ﬂ N

= 7 )
(1-To/Go —Ro/Go)(kv)" To T1  To

3 T,

For the He—Ne laser, we have the reproducibility 107 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 A = 3.39 um.

The authors thank S.G. Rautian, A.P. Kazantsev, G.l. 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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B.H. JiucuuybiH, B.I1. HeboTaen

HaOmoiaeMble CIBUIH, CPaBHUMBIE C YIIMPEHHEM, YKa3bIBAIOT, YTO B3aHMO-
JEACTBHE, TIPUBOJIAIIEE K YIIMPEHHIO JIMHUH, ABJISETCS, O-BUAUMOMY, O0Jiee BaKHON
NPUYMHOM YIIMPeHHs IMHUHA HeoHa A = 0,63 MKM B 3KCIIEPMMEHTAX C CUIIBHBIM TIOJIEM,
yem paccMoTpeHHas B [4] mozens 1udy3ur aToMOB B IPOCTPAHCTBE CKOPOCTEM.

5. TIuK MOIIHOCTH TE€HEPAI[MH MOKET CIYKUTh XOPOIIUM CPEICTBOM CTaOu-
mu3arn 9actoThl OKT. TIpu Manbix J1aBiIeHHAX, KOT/IA BIUSHUEM CTOJKHOBEHHIA B
s'YeiKe MOKHO NpeHeOpeub, OyAeT JOCTHraThCsl BHICOKAs aOCOJIOTHAsE BOCIIPOM3-
BOJMMOCTH 4acTOThI ra3oBeix OKI', 4TO OYeHb Ba)KHO ISl CO3/IAHUS ITATIOHOB JJTH-
HBI. IHI/IpI/IHa IIMKa B 3TOM ClIy4dac OIMpeACIACTCAd palvallUOHHBIM 3aTyXaHUEM
YPOBHEW W 3HAYEHHE BOCIPOU3BOAMMOCTH YacCTOThI OYAET CPABHHMO C BOCIIPOM3-
BOAUMOCTBIO, KOTOpasd MOXKCT GI)ITB IojrydyeHa € HUCIIOJIb30BAHUEM ATOMHBIX ITy4-
k0B. CIIBHT JINHUK YCUIICHHS B TPYOKE TaeT HEKOTOPOE 3aTSATMBAHUE ITHKA MOIIHO-
cTH, KoTopoe u3 popMyis! (3) ompenensercs Kak

| 20-Tol/GoI2)  GeI3 Go(I
(1-To/Go —Ro/Go)(kv)® To T To \ Iy

Jst He—Ne-OKI' umeem BOCTIpOM3BOIUMOCTD 10° B IIMPOKOM JUara3oHe
JTABJICHUH TeJHs B YCHIINTEIbHOM TpyOKe.

[IpenBapurensHble HCCIIETOBAHUS BOCIPOU3BOIMMOCTH 4acToThl He—Ne-nase-
pa ¢ TOTJIOMAIOIIeH SYeHKOW, CTa0MIM3UPYeMOro Ha IEHTP JMHWH IOTJIOIICHYS,
TOKA3aJTH, 9TO BOCIPOHM3BOAMMOCTS 9acToThl 10™° CpaBHUTENBHO JIErko JOCTHraeTcs
[10]". Hcronb30BaHue KOMeOATENBHBIX CIIEKTPOB MOTTIOMEHHS MOJIEKYIT B COUCTAHHH
C M3BECTHBIMH JIa3epaMH JIaCT BO3MOXKHOCTh TOJYYHUTh BOCIPOU3BOIUMOCTD YacTOTHI,
TIPEBBIIAIONIYI0 YKa3aHHYI0 Ha HECKOJBKO MOPSIKOB. B KauecTBe mpumepa MOXKHO
yKka3aThb cucteMy MetaH—He—Ne-mazep, paboraromtyro Ha [umiHe BOIHBI A = 3,39 MKM.

Astopsl uckpenne Onaromapsat C.I'. Paytuana, A.Il. Kasanuesa, I.U. Cypmy-
TOBHYA 32 COBETHI M 00CYXI€HHE BOIIPOCOB, 3aTPOHYTHIX B 3T0M pabote, B.P. bennera
3a 00cykIeHre MexaHn3Ma yaapHoro yimpenus B Heone, C.H. baraesa 3a o0cyxae-
HUE MEXaHW3Ma CABHTa MaKCHMyMa JIMHWUHM yCHJICHWS. ABTOPBHI Takke OiaromapHeI
I A. Munymkuny u A.K. MaciioBy 3a moMoliiib B IpOBEJEHUH 3KCIIEPUMEHTOB.
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1 3T 3KkCcnepuMeHTb! 6bIn BbINOAHEHbI coBMecTHO ¢ C.H. BaraesbiM 1 10.[]. KONOMHUKOBLIM,
KOTOpbIM @aBTOPbI MPUHOCAT CBOKO 6n1arogapHoCTb. Mccnenosanacb BOCNPOM3BOAMMOCTb Yac-
TOTbl He—Ne-na3sepa ¢ nornowarLwen S4enKom, HacTpanBaeMoro Ha LEeHTp JIMHUW nornowe-
Hus. [laBneHne renvs B yCUAUTENbHON TpybKe W3MEHSNO0Ch B OYeHb LUMPOKMX Mpeaenax,
[laBfieHMe HeoHa B MOr/IOLLAIOLLEN Auelike M3MEeHANoCh B npeaenax 5-102-2-10~* MM pr. CT.
B 3TUX yCNOBMSAX AOCTUranach BOCMPOM3BOAMMOCTbL YacToThl 1,5-107°,
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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 4 = 0.63 um over 1000 h is on the
order of 107, 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 107 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-
guency of a He—Ne laser with 4= 0.63 um. 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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Ctabunmusaumns m BOCNPON3BOANMOCTb YacTOTbI
resnii-HeoHoBOro nasepa Ha A = 0,63 MkM*

C.H. baraes, 10.[]. KonomHukoB, B.l1. Ye6oTaeB

NHCTUTYT dunsmkm nonynposoaHmMkos Cubupckoro otaenenms Akagemnm Hayk CCCP
lMocTtynuno B pepgakumio 4 anpens 1968 r.

Panee coo01ianock 0 TOCTHKEHUH BHICOKOH CTA0MIIBHOCTU YaCTOTHI Ta30BhIX
nasepos mopsinka 10°-107 [1-3]. K ocHOBHBIM MeToaM cTaGHIn3aiiy, Hanbomee
YacTO BCTPEYAIOIIUMCS Ha MPAKTUKE, MOXHO OTHECTH: CTAOWIIM3AIMIO TI0 MPOBAITY
JIaM0a, 0 TUCTIEPCHOHHBIM XapaKTEPUCTUKAM U METO]I, UCIIOJIL3YIOIINI 36eMaHOB-
CKYIO stueliky mornomienus [4, 5].

OnHako, Kak MOKa3ainy JalbHEeWIIHe WCCIeOBaHUs, JNOJITOBpEeMEHHAas CTa-
OMJILHOCTh Y BOCIIPOU3BOJAUMOCTD YaCTOTHI JIA3€POB OCTABAIACH JOBOJILHO HU3KOM,
paBHOU 107-10% B [6] 6bUTO MOKa3aHO, YTO BOCTIPOU3BOAUMOCTH JJIMHBI BOJHBI
n3nyuenus: He—Ne-nazepa Ha A = 0,63 mxm 3a 1000 wacoB ycTymaer BOoCIpon3BO-
JMMOCTH JUTHHBI BOJHBI °KT 1 cocTaBmsier BenmuunHy mopsaka 107, K Takomy xe
pe3yIIbTaTy TIPHBOAST UCCICIOBAHMSA CBHTra U acuMMerpun tuann Ne 6328 A ms-
3a 3¢dekra CTONKHOBEHUH C aTOMaMu TelUs U HEOHA, MPOBEIACHHBIC aBTOPAMH
3TO# paboThl. BBLUTO MOMYYeHO, YTO TPU U3MEHEHHUH JaBICHUS U30TOMA renust 3 u 4
UMeEeT MECTO IJIMHEWHBIA CIBUT JMHUM B (DUOJETOBYIO O0NIACTh Ha BEIUYHHY
202 Ml u 16 2 MI'y Ha 133,3 H/M? cOOTBETCTBEHHO. B YHCTOM HEOHE CIBUT
3HAYMTENBHO MEHbIIe U cocTaBser 6 + 1 My Ha 133,3 H/M’ B KpacHy:o 061acTb.
OTcrofa BUIHO, YTO H3MEHEHHE JABICHHS TelIisl B JIa3epHOM TpyOke Ha 13,33 H/M?,
YTO BIOJIHE peaabHO 3a BpeMs nopsaka 100 gacos, cMemaer MakCUMyM JIMHUU Ha
BennuuHy 2 MI'1, uTo cocramisier 5.10”° wactoThl nasepa. Takum oOpazoM, st
TOJTyYeHHs TOITOBPEMEHHOM BOCTIPOM3BOAMMOCTH yacToTsl 10~° mpu paGouem nas-
JICHHH TelHst B J1a3epHOil Tpy6ke 200-267 H/M® HeoGXOIMMO MOIEPKUBATH H BOC-
MPOU3BONTH JIABJICHUE ¢ aOCOJIOTHON MOTPEIIHOCTEI0 He Oosee 2—3 %. ScHo, uTo
B TCUCHHE JJTUTEIHHOTO BPEMEHH TOACPKUBAThH JABICHUE C TAKOW TOYHOCTHIO B
OTHAsSHHOW pa3psAaHON TpyOKe MPakTHICCKH HEBO3MOXKHO. Kpome Toro, Kak moka-
3a]M HAllld 3KCIEPUMEHTHI, MPUCYTCTBUE ACUMMETPUH JIMHUH, OOYCIIOBJICHHOM
CTOJKHOBCHHSIMUA aTOMOB, IPUBOJUT K 3aBUCHMOCTH TOJIOKEHMSI MUHUMYMa MOIII-
HOCTH TI0 YacTOTE OT YPOBHS BO30YXKICHHUS pa3psAaa MPH HACTPOMKE YACTOTHI IO
npoBaiy JIam0a. Takke HaONIOAETCS CABUT YaCcTOTHI Jla3epa, CTAOMIM3UPOBAHHO-
TO TPY MMOMOIIM 36EMaHOBCKOMN STUCHKHU MOTJIONICHHUS, IPU U3MEHEHUY YPOBHSI BO3-
OyXIICHHUS U MATHUTHOTO MOJIA B stuciike [3].

B cBsi3u ¢ 3TUM OOJIBIION WHTEpEC MPECTABISIET UCTIONB30BAHHE TAKUX METO-
JIOB CTAOMJIM3ALIMH, B KOTOPBIX BJIMSHUEM CTOJIKHOBEHHI aTOMOB MOYKHO MPEHEOPEYb.

* U3MepuTenbHas 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

T_o[&] o1

GO 1—‘2
where Ty and Gy are, respectively, the unsaturated absorption and gain of the laser
medium and T"; and T', 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 To/Go =~ 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
AS{M(QJ _(&j i] A, (1)
it Q r,) pB

where f=T,/G,, I, /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 Q 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, f=05,and T, /Q~0.1 Substi-

tuting these values into (1), we find that A; ~ 120 kHz).
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B Hacrosmeit paboTe Mbl BIIEPBBIE OCYIIESCTBUIIA HOBBIA METOJ CTa0HIIN3a-
1uu yactoTel He—Ne-nasepa Ha 4 = 0,63 MmxM. B ocHOBe MeToaa JIEKHUT HUCIHOIB30-
BaHUe Ui Tiesiel crabmmu3anuu 3 (EeKTOB HACBIIICHUS MOTJIONICHUS B MOJIE CTOS-
Yell BOJHBI, JETANBHO PACCMOTPEHHBIX B [7], Tie MBI COOOUIMIN O JOCTHXKCHHUH
BOCIIPOM3BOJAUMOCTH YaCTOTHI 10°°. 31ech MBI MOAPOOHO OMMCHIBAEM MTPOBEICHHEIC
sKcriepuMeHThl. OTMETUM, YTO HOBBIA METOJ CTAOMIU3AIUK ObLI MPEJIOKEH TaK-
xe B [8, 9]. Omnaxo B [9] paccMOTpeH YacTHBIN Ciydaii cTaOMIIM3aIM — aBTOCTa-
Oumsm3anus, KOrja MCIOJIb3YSTCS HACHIIICHUE B JMHHUU IMOTJIONICHUS B IOJIE CTOSI-
Yyell BOJIHBL. YCIOBHS aBTOCTAOWITM3AIMM, KOTOPbIC MONY4YeHBI B 3TOH pabdoTe,
3aBEeIOMO He MOTYT ObITh peann3oBanbl B He—Ne-na3zepe Ha A = 0,63 MM, u MeTox
HE TPUMEHUM JUTS CTAOUIU3AI|K STOTO Ja3epa.

U3-3a mepekphIThsl IPOBAIIOB, MPOYKUTAEMBIX CHIIBHBIM ITOJIEM B JIOTUICPOB-
CKH yIHHpeHHOﬁ JINMHUN Ne, TMOIrJIOUmICHNUE B HCHTPC JIMHHUKW YMCHBLIIACTCHA, a 3TO
MPUBOIUT K 00Pa30BaHUIO B IICHTPE JIMHUU TIOTJIOMICHUS] Y3KOTO MUKA MOIIHOCTH.
Jns HaOMrOACHUS yKa3aHHOTO SIBJICHUS OOpa30BaHUS MHMKAa MOIIHOCTH KCIOJb30-
BaJICsI Jiazep C SYCUKOHN MOTJIONICHUs BHYTpU pe3oHaTopa. [llupuHa nuka cocranis-
7a BeMWuYMHYy Tnopsaka 25 MI'1, 4To 3HAYUTEIbHO MEHBIIE NIMPHHBI I3MOOBCKOTO
npoBaia. HactpauBas 4yacToTy ja3epa Ha MaKCUMyM IHKa FeHEepalliy, MOXKHO IO-
JYYUTh OYCHb BBICOKHE 3HAYCHUSI CTAOMIBHOCTH U BOCIPOM3BOAUMOCTH YaCTOTHI.
BaxHO OTMETHTb, YTO BBEICHUE SIUCHKH TOTIIONICHHS BOBHYTPh PE30HATOPA UMEET
3HAYUTEIbHBIE MPEUMYIIECTBA IMPH JOCTHIKEHUU BBICOKOH BOCHPOU3BOJAUMOCTHU
YaCTOTHI.

Hcnoab3oBanne 04eHb MAJIBIX MOTJIONIEHU, a CJ1€I0BATEIbHO, U 0YeHb
MAaJbIX JaBjieHuii nmoryiomamniero ra3a. CornacHo [7], ycmoBue oOpazoBaHHs

IMMKa MOIMHOCTH
3
Tof i)y
GO 1—‘2

rae To 1 Gp — HEHACHIIICHHBIC MOTJIONICHUE W YCHJICHUE JIa3epHoi cpenbl, 'y 1
I'; — NMOpEeHIIOBBI MOJTYIIMPUHBI TUHUN B YCUIIMTEIBHON U MOTTIOMIAIONICH cpeax.
Kak mokazanu pacdyeTbl W SKCIEPHUMEHTHI, JOCTATOYHO PE3KUi MUK HAOII0gaeTCs
npu otHomieHuu To/Go~ 0,1. DTo maeT BO3MOKHOCTH HCIOJIL30BATH OYCHD MAJTbIC
MOTJIONICHHUS, TOPSIIKA COTBIX JIOJICH MPOLEHTA, YTO MO3BOJSIET OCYIISCTBUThH pe-
JKUM HHM3KUX JaBieHud nopsaka 1,33-13,3 H/M [Ipu Takux MaBIEHUAX CTOJIKHO-
BEHUS MEX]Iy aTOMaMH OYJyT MPaKTHYECKU OTCYTCTBOBATh, U IIMPUHA MHKa OyJeT
ONPEAENIATHCA €CTECTBEHHON IUPUHOM.

MaJjias BeJJMYMHA CABUra JIMHUM TIOTJIONIEHHUS] MPH M3MEHEHUM JaBJie-
Husi Ne B siueiike. J[elicTBUTENBHO, KaK CIEAyET U3 BBIIICCKA3aHHOTO, U3MCHEHHE
naeyenus Heona Ha 1,33 H/M? cMelnaer IuHuio Ha BenuuuHy nopsaka 60 k. Oto
3HAYUT, YTO JJI TOIYYCHHUS BOCIIPOU3BOJUMOCTH YACTOTHI, MPEBBIIIAIOIICH 107,
HEOOXOAMMO TOAEPKUBATh JAaBICHHE HEOHA B MOIJIONIAMOIIEH SUelKe ¢ MOorper-
HocThlo, coctapistonierr 100-200% npu pabodem naenenuun 13,3-6,7 H/M?, uto
SIBJISIETCS BIIOJIHE TOCTHKHAMBIM.

Kak 6b170 mokaszano B [7], MUK MOIIHOCTH T€HEPAIMM HM3-3a CABWTra JIMHUH
YCHUJICHUS TIPU U3MEHECHUH JaBJICHUS TeMus B YCUINTENIbHON TpyOKe cMemaeTcs Ha
BEIMUUHY Ag, KOTOPAst ONPEACISACTCS CICIYIONIMM BhIPAKCHUEM:
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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 107

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 1, 2, and 3 were mounted on piezo-
electric ceramics Py, P, and P3, due to which the cavity length could be changed.
The distance between the mirrors for the absorption-cell laser (1) 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 1
Gain tube Ne cell P

F{HA= — A — 20 Hz

=

é%MJ&’IPEMH Am |—{PD |

SG | =500 Hz

& |

Laser 3

éW[HQPEMH 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 I.s. = 34.8 MHz. The peaks are spaced by 230 MHz
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Ape Ll—ﬂ)(&jz_ L)1, &
’ g Lo r,) A

rae ff = TolGy; T1/T; Q — paccTpolika, HeoOXoauMasi AJisi CphIBa TeHEpaIy MPH
33JJaHHOM YPOBHE BO30YXKICHHS; A — CIBUT JIMHUU YCHJICHUS M3-3a JaBJICHUS Te-
yust, () — YacToTa, COOTBETCTBYIOMIAS TOJIOXKCHUIO MAKCUMyMa MTUKa MOII[HOCTH, a
OCTaJIbHBIC BETUUUHBI ONPE/ICTICHBI BBIIIIC.

B ycrnoBmsix Hamrero skcmeprMeHTa AaBieHne He B ycmmuTenpbHOU TpyOke

mensutock ot 133,3 1o 266,6 H/m* (A =~ 20 MI'y, Q =120 MI'n, T, /T, ~0,1, #=0,5,
I, / Q~0,1. [ToacTaBss 3TO 3HAYEHHE B (1), momyuaem, uto Az = 120 kI'u).

Takum 00pa3oM BHIHO, YTO MPU M3MEHEHWH NaBieHus He B ycHIMTenbHON
TpyOKe B yKa3aHHBIX TpeJieriaX BelIMYHHA CMEIICHHUS KA MOIITHOCTH TeHEepaIiy OKa-
3BIBACTCS MAJIOH, M BOCIIPOM3BOXMMOCTb 4acTOThI 107 SIBIISICTCS JIErKO JOCTHKIMOIA.

Ha ocHoBaHMH BBIIIIECKA3aHHOTO CJEIYET, YTO HOBBIH METOJ| CTA0MIIN3AIUU
uMeeT OOJbIIME MPEUMYIIECTBA MEpe]] YKEe H3BECTHBIMH U TIO3BOJIAET MOJYYHThH
BBICOKOE 3HaUCHHUE JOJITOBPEMEHHOW CTaOMIBHOCTH U BOCIPOU3BOAMMOCTH 4aCTO-
Thl. [lenp0 HACTOSAIMIMX SKCHEPUMEHTAIBHBIX UCCICAOBAHUN SBISIOCH M3yUCHHUE
YCIIOBHH, MPH KOTOPBIX JOCTUTAETCS BOCIPOU3BOIUMOCTh 4acToThl He—Ne-nazepa
107, a He CTAOWIBHOCTH YACTOTHI, TAK KAK, UCIIONB3Ys HOBBIA METOX CTabWIM3a-
MY, MOKHO TIOJyYUTh CTAOMIIBHOCTh 9aCTOTHI 1071%-10,

CxeMa dKCIepUMEHTATbHOM YCTAaHOBKH MpUBe/icHa Ha urype. cnonb3oBa-
JIUCh TPH Jla3epa KEeCTKOW KOHCTPYKIUHU. Pe3oHaTophl 1azepoB ObLTH 00pa3oBaHb

Jlazep 1
VYcunmnrenpHas
Sluetixa Ne

TpyOKa 11
b

éz‘{%ﬁlﬂlﬂﬂ@aﬂ—ﬂ v o]

| 3r | f=500 T

Jlazep 3 m
- o~ (o]

3r | f=500Tn

20 I'ng

OcumisiorpaMma BbIXOJHONW MOLIHOCTH T€HEpalnH Jia3epa C SUSHKOil NOIJIomeHHs BHYTPH
Pe30HATOpA B 3aBHCHMOCTH OT 4acTOThI nasepa. Japnenne Ne B stueiike 267 H/M?, napnenue
cmecn He-Ne B yeumurensroii tpy6ke 200 H/m?. Macira6: 1 6.x1. = 34,8 MI'. Paccros-
HUe Mexy mukamu 230 MI'qg
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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 P3, 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 A 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 1 with respect to the reference laser fre-
guency, 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 1 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 1 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 1 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 1 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 107° for a He-Ne laser at A=0.63 um is in
progress.
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cheprUuecKUM U MIOCKUM 3epKallaMH M MPECTABISIN MOTYKOH(DOKAIBHYIO CHCTE-
Mmy. [lnockue 3epkana nazepoB 1, 2, u 3 yKpersuMch Ha nbe3okepamukax 1y, 11,
U [13, 94TO TMO3BOJISLIO MEHATH JJIMHY pe3oHaTopa. PaccTosHue MexIy 3epKaiaMu
JUTS J1a3epa ¢ moriolnaroiei suetikot (1azep 1) 0110 paBHO 64 cM (MyTMHA paspsi-
HOT'0 y4YacTKa YCHIUTEILHOW TPYOKH U SYCHKU MOTJIOUICHHUS COCTABISLTU ~24 CM H
~26 CM COOTBETCTBEHHO), a st 1aszepoB 2 u 3 — 36 cM. Slyelika MOTJIOIICHHUS Ha-
nonHstack u3otornoM “’Ne ¢ TpoIeHTHsIM cojepxkanneM 99,9% mnpu 1aBieHHH
13,3 H/M?, a Bce ycmmrensHbie (1asepHsie) TpyOKu cMechio n3oronos “He i Ne.
B stuelike mornomieHus: Bo30yKaancs paspsil, a B yCHIHTENBHBIX TPyOKax — pas-
PSLT IOCTOSTHHOTO TOKA.

Best akcniepuMeHTallbHasl yCTAaHOBKA YKpeIUIsjiach Ha MAacCHBHOM MeTasliu-
YECKOW IUIMTE, KOTOpasl MOABEUIMBaNIach. TemMnepaTypa OKpy»Karolleil cpeasl Moji-
JIepKUBAIACh MOCTOSHHOM ¢ morpemHocThio 0,1 rpaj. B atux ycnoBusx mexaHuue-
CKHe M TeMrepaTypHbie 3G GeKThl ObUTH CBEICHBI 0 MUHHUMYMa M YXOJ YaCTOTHI
cocranisut 2 kI 1i/cex. Bocnpoussoaumocts yactothl He—Ne-nasepa ¢ stueiikoii mo-
TJIONICHUS HCCIIE0BANIACH ITyTEM H3MEPEHUS CMEIICHUS MaKCHUMyMa MUKa MOIIHO-
CTH TEHepalMii OTHOCUTENBHO YaCTOTHI IPYTOro Jia3epa MpH WU3MEHEHUH JaBIICHHS
Ne B siaeiike mormomnieHus 1 qaBieHus He B yeunmuTenbHON TpyOKe J1azepa. B kage-
CTBE periepa UCIOIb30BANICS OJMH U3 Ja3epoB 2 WK 3, K&KABIA U3 KOTOPBIX CTa0u-
JIU3UPOBANICS [0 MAKCUMYMY YCHUJICHHS HA TIOPOTe TCHEPAIIHH.

Ot reHeparopa 3ByKoBOM 4acToThl 3/ momaBajics curnan ¢ gacroroi 500 Iy
u ammuutynoi 0,5 B Ha nmee3okepamuku 1, u 13, Ipr TOMOIIA KOTOPBIX YaCTOTHI
na3epoB 2 U 3 CKAaHUPOBAIUCH IO JIMHUK YCHICHUS B MPEJEiaX MOJIOCH IUPHHON
1 MTI'u. C BbIXOAa 1a3epoB 2 U 3 CUrHAI MOAYJISAIMH MOMAaAan Ha (OTOYMHOKHUTENb
@DV, m30uparensHO yCWINBAIICA B ycwinuTene YV u mo ¢azoBoMy netekropy D/
MIPY TOMOIIK UCTOYHHKA MOCTOSIHHOTO TOKa (batapeu by, b3) KOPPEKTHPOBAICS HA
HYJb aMIUTATYJbBI U (a3bl, YTO COOTBETCTBOBAIO HACTPOWKE YacTOTHI ja3epa Ha
BEPIUIMHY JIMHUW U3JTyYCHHs HA TOpore reHeparuu. [1orpemHocTs, ¢ KOTOPO MBI
BBICTABJISUIM YacTOTY Jia3epa Ha MOPOTOBbIM MakcuMyM, cocTaristia 0,5 MITn. s
MPOBEPKU CTAOMIILHOCTU U BOCIIPOHM3BOJUMOCTH YaCTOTHI JIa3epoB 2 U 3, BBIXO/IBI
UX CMEIIMBAJIKCh MOCPEICTBOM BCIIOMOTAaTeIbHBIX 3epKal Ha (oTokarone @IV.
Yacrora OMEHUI MEXIy HMMU HaOJIIOANach Ha aHaIM3aTOpE CIeKTpa A WM Oc-
mwuiorpade. Kak mokasanu u3MepeHHs, TOTPEHIHOCTh TMOAJCPKAHUS YaCTOTHI
Ha TOPOTOBOM MAaKCHMyME M BOCHPOHM3BOJMMOCTh B TCUCHHE 3KCIICPUMEHTA
(=5 4acoB) cocTaBsUIM BeaHUnHy Hopsaka 107,

Takast OobIIIast BOCIIPOM3BOAMMOCTS ObIIIa JOCTUTHYTA OJIaroaaps TOMy, 4TO
B nasepax 2 u 3 gasnenne cmecun He—Ne momzepsxuBanocs oguaakossiv 187 H/m?
Y TMOCTOSIHHBIM C MOTPEITHOCTHIO nopsiika 3 % 3a Bpemst skcriepumMenTa. [locrosH-
CTBO JaBJICHUS B Pa3psIHBIX TPYOKax MOCTHUTaNOCh 33 CUET MCIOJIb30BaHUS 0OJb-
mmx GayutacTHeIX 00beMOB raza. KpoMe Toro, Bee Jia3ephl MoICOSIUHSIINCH K BaKy-
YMHOMY IIOCTY, YTO MTO3BOJISLIO HEPUOAMYECKA MEHATH pab0uyr0 CMECh.

CMeleHre MakCUMyMa MUKa MOIIHOCTH TeHepaluu j1asepa 1 OTHOCHTENEHO
YacTOThI PEMIEPHOTO Ja3epa, B 3aBUCHMOCTH OT JIABJICHUS ra3a B YCHIHMTEIBHBIX U
MOTJIOMIAIIUX TPyOKax, U3MEPsIIOCh Ha dKpaHe ocuiuiorpada clieayomum oopa-
3oM. Curnan ¢ yactotoit 20 ['1 ot 3/ ogaBancs Ha mbe30KepaMuKy /1) pu TOMOIIH
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KOTOpO# yacToTa Jlazepa 2 CKaHHpOBaJIach MO JIMHUM YCWICHHUS, W Ha 9KpaHe OcC-
muutorpada HaONrOanNcs KOHTYp NMHKa BBIXOAHOW MomHOCTH. [lonokeHne mak-
CHMyMa THKa ONPEAeISIOCh 10 OCHMIUIOrpaMMaM ¢ TOYHOCTBIO He xyxe 0,5 MI'm.
Janee BbIxox yaszepa 1 cMmemmBalCsi IPU MOMOIIM 3€pKajll ¢ BBIXOIOM Jazepa 3,
CTaGUIH3MPOBAHHOTO 110 YaCTOTE C MOrPemHOCcThi0 10™°, u curnan GueHHil MexILy
HUMH Tarxoke HaOmronasicst Ha ocumwiorpage. DTOT CUTHANI OMEHUH U SBISJICS pe-
[IEPHOM YaCTOTOM OTCYETa.

[Ipr u3MeHeHWW AaBICHUS TelWs B YCHIUTENbHOH TpyOke ot 133,3 mo
266,6 H/M®> u neona B stueiike moryomenus ot 6,7 mo 13,3 H/m? MaKCUMyM TIHKa
MOIIHOCTH Ja3epa 1 cABHUrasics OT PENEpPHOW YacTOTHl Ha BEJIMYMHY TOPSIKa
500 kI, uto cocrasmsier 107° uacToTs masepa.

AHaIOTMYHBIA pe3yNbTaT OBLI MOMyYeH, KOTa YacTOTa OJHOTO M3 Ja3epoB 2
WM 3 HaCcTpaWBalach Ha MAaKCHMYyM ITMKa MOIIHOCTH Jlasepa 1 W cmermmBaiachk ¢
94acTOTOM Jpyroro jasepa (3 win 2), cTabMIN3HPOBAHHOTO 0 MAaKCUMYMY MOIIIHO-
CTH Ha MOpOTe TeHepanuy, U Ha SKpaHe aHaInu3aTopa CIIEKTPOB HAOII01anach Jac-
ToTa OMeHMI Mexay HUMH. [Ipy M3MEHEHUH JaBieHHs B jlazepe 1 B yKa3aHHBIX
BBIIIIC MTpeeiaXx yacToTa OneHnii MeHsIack B oomactr 500 kI

B HacTosiee Bpemst Onaronaps pAmy yiydlieHHH BeeTcs padoTa Imo moiyde-
HMIO BOCIIpou3BouMocTH yactothl He—Ne-nasepa ua A = 0,63 mxm nopsiaxa 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/em® 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/lcm? [3-5].

The present paper reports the results of an investigation of and further im-
provements in AIAs—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,Gay_As solid solutions) were doped with tellurium (5x10*°<n <
< 10" em®) and germanium (p = 10" cm™3), 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 um.

Typical threshold current densities for three-layer n—-p—p Al,Ga; As—GaAs—
Al,Ga;_,As heterostructures were (4—5)><1O3 Alcm? 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,Gay_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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UccnepoBsaHne BAUAHUA NapaMeTpPoOB reTepoCcTpyKTypbl
B cucrteme AlAs—GaAs Ha NOPOroBbiN TOK 1a3epoB

M NnoJsiyyeHue HenpepbiBHONO peXnMma reHepauum

npu KOMHaTHOW TeMmnepaType’

XX.N. AndpépoB, B.M. AHapeeB, [4.3. Nrap6ysos, F0.B. )Knnses,
E.lM. Mopo3oB, E.J1. MopTHo#, B.I'. Tpo¢pum

DU3NKO-TEXHNYECKNIN MHCTUTYT UM. A.®. Nodde Akagemmn Hayk CCCP
MocTynuno B peaakunto 6 mas 1970 r.

B Hacrosimee Bpemsi HanOojee HH3KHE 3HAYEHHUS! MOPOTOBBIX TOKOB IPH
300 K umeroT MHKEKIMOHHEBIE JIa3epsl ¢ rereponepexonamu B cucreme AIAs—GaAs
[1-5].

B snurTakcuanpHbIX J1a3epax ¢ aAByMs reteporepexonamu [1, 2] HanMeHbime
3HAYeHHMs IUIOTHOCTH MOPOroBOro ToKa coctapisutk (4-5)-10° Alem® mpu 300 K.
B nazepax ¢ oIHUM reTeponepexoioM, MOTyUYeHHbIX COUETAaHUEM IUTAKCUATBHOTO
1 auh(Hy3HOHHOTO METO0B, MHHMMAIIbHBIE 3HAYEHMs ITOPOTOBBIX TOKOB (6—8)%
x10° Alem? [3-5].

B naHHOM COOOLICHNHU TPUBOISTCS PE3YNIbTAThl pa0OTHI IO UCCIICIOBAHHIO U
JMATBHERIIIEMY COBEPIIEHCTBOBAHHUIO TeTepoiasepoB B cucreme AlAs—-GaAs, mpu-
BEIIIKE K CHIDKEHHIO TOPOroBbix TokoB mpu 300 K 10 3Hauenuii 900-1000 A/em’ u
MOJYYECHUIO HEMIPEPBIBHOTO PEKUMa PadOTHI IIPU KOMHATHOW TeMIiepaType.

I'eTeposnasepbl M3roTaBIMBANINCh METOIOM KUIKOCTHOM snurakcuu. Iupo-
KO30HHBIC dMHUTTEephI (TBepabie pactBopbl Al,Ga; (AS) n- U p-TUNA JETUPOBATHCH
cootBerctBenHo TemwtypoM (5:10°<n<10" cv®) u repmanmem (p = 10" em).
3aKiI0YCHHAss MEXKIy HUMHU y3KO30HHAs CPEHSSI aKTHUBHAs 00yacTh (apceHu] rai-
nust vk TBepbie pactBopsl AlyGa; AS cocTaBa, OJIM3KOTO K apCEHUTY TaJUIHS) Jie-
rupoBaiack Ge, Si, Zn uin BooOIie He JerupoBaiach.

B paboTte uccnenoBanuch poib NIMPOKO3OHHBIX AIMUTTEPOB, BIUSIHUEC HA TMO-
pPOTOBBIC TOKH TeTepoJIa3epoB NIMPUHBI CpPEeHEH Y3KO30HHOW 00JacTH, BO3MOXK-
HOCTb BO30Y KIICHUS TEHEPALMH B apCEHUC TaJlIHs, JIETUPOBAHHOM aM(pOTEPHBIMU
npumecsamu Ge, Si, u B HejerupoBanHoM N-GaAs.

Jlnst BBISICHEHHS POJM MIMPOKO30HHBIX 3MHUTTEPOB MPOU3BOIUIIOCH COIOC-
TaBJICHUE 3HAYCHMH MOPOTOBBIX TOKOB B Jia3epax C JABYMsl IeTepolepexolamMu H
MOPOTOBBIX TOKOB B CTPYKTypax C OJHHM TeTepPONepEeXOJIOM, MPHIOTOBICHHBIX B
WJICHTHYHBIX YCIIOBUSX. AKTUBHas 00JIACTh B COMOCTABIIEMBIX CTPYKTypax Obuia
neruposana repmanneM (p = 10 cm™®), ee mmpuHa cocrapmsiia 2 MKM.

Jlist TpexcioiiHbix rerepocTpyktyp N-AlGa; yAs—p-GaAs—p-AlGa; As npu
TaKOW INUpPUHE CpelHel O0NacTH THITMYHBIC 3HAYCHHS MOPOTOBBIX TOKOB IIPH
300 K cocrapmsiior 4-5 kA/cM®.

# Du3nka 1 TexXHUKa NonynpoBoAHMKoB. 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 um; 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; 4As) [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.

Jine A/CI‘TI2 Jin, A/CI’T]2
510°F 15-10°
410%F 4410
3.10%h -13-10°
2:10* 42.10°
1.10*+ 41-10°

L L L L L L L L L

0 1 2 3 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. T (K): 77 (1), 300 (2)
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B cOOTBeTCTBYIOIIMX TETEPOCTPYKTYPAaX C OJHHM N—p-TETEPONEPEX0IoM
n-Al,Ga; ,As—p-GaAs—p*GaAs mnoporopeie Toku 1ipu 300 K  mpesblmaror
100 kA/cM?. B reTepocTpyKTypax ¢ OJHHM p—p-reTeporepexoaoM N-GaAs—p-
GaAs—p-Al,Ga, ,AS mpH CHIBHO JernpoBaHHO# N-o6mactu (n = (3-5)-10% cm™
noporossie Toku 1pu 300 K cocrapmsror 10-14 kA/cm?. TIpi yMEHBIICHHH YPOBHSI
JETHPOBaHU N-00JIaCTH MOPOTOBBIE TOKH B TaKUX CTPYKTypax BO3pAacTaroT, a IpH
n =10 cM™ remepaumst BooOIIE He HAGMIONACTCS. B CIEKTpax M3IIydeHHs TaKHX
crpyktyp (300 K) mpoucXoauT CABUI MaKCHMyMa TOJIOCHI H3IyYEeHHs B KOPOTKO-
BOJIHOBYIO O0JIACTh NP BBICOKHX IUIOTHOCTSIX TOKA, OOYCIIOBJICHHBIA JBIPOYHON
UH)KEKIIUEH.

OTMeTHM, YTO B CTPYKTypax ¢ JABYyMsI T€TEpOIIEPEX0iaMi U IIHPOKO30HHBIM
cnabo JETUPOBaHHBIM N-3MHUTTEPOM MOA00HBIE IBJICHUS He HabmronaroTes. Hampo-
THB, YMEHBIICHHE YPOBHS JIETHPOBAaHHUS N-00JAaCTH NPUBOAUT K HEKOTOPOMY
YMEHBIIEHHUIO MTOPOTOBBIX TOKOB. MUHNMAJIBbHBIC 3HAYEHHS MOPOTOBBIX TOKOB II0-
Jy4eHbl B TETEPOCTPYKTypax C KOHIEHTpauued OOHOpoB B N-smutTepe Ny =
=510"°-5-10"" cm™>.

HccenenoBanue 3aBUCHMOCTH TIOPOTOBOTO TOKA OT IIUPUHEI CPeAHEH 00acTi
MPOBOJMIIOCH Ha TPEXCIOMHBIX TeTEPOCTPYKTYpaxX CO CpeaHel o0IacThlo, JIETUpo-
BaHHOW repmanuem (p = 10" CM_S). (dmuua pezonatopoB Padbpu-Ilepo B uccie-
IyeMbIX mpubopax coctasisia okono 400 Mkm). 3HaueHHs TOPOTOBBIX TOKOB OII-
PENENSUTHCH 110 3aBUCUMOCTH HHTCHCUBHOCTD U3JTYYEHUSI—TOK W KOHTPOJIUPOBAIIICH
0 CTIEKTPaJIbHBIM XapaKTePUCTUKAM HU3Ty4IeHHS.

Kak BHIHO U3 pHCYHKA, IOPOTOBBIE TOKM MOHOTOHHO YOBIBAaIOT IPU yMEHb-
[IEHUY IIMPHHEI cpeaeii obmactr 10 d =0.5 MKM ¥ COCTaBIISIOT IIPH 3TOM TOJIIIIHAHE
1000 A/em® (300 K) u 300 A/em® (77 K). OTMETHM, 4TO COOTBETCTBYIOIIME 3aBHCH-
MOCTH JUTs CTPYKTYp € OMHUM retepornepexoqoM (N-GaAs—p-GaAs—p-AlGa; As) [3]

Jrops Alem® Jrops Alem®
5.10%F 45-10°
410+ ~4-10°
3-10*- 43-10°
2-10*+ +2.10°
1-10*F 4110°

. L

| | | | | |
0 1 2 3 4 5 6 7 8 9 10 d MM
Puc. 1. 3aBHCHMOCTD IUIOTHOCTH ITOPOTOBOTO TOKAa OT IIMPHHBEI CpPeHEH 00JacTH B Tpex-

croiHbIx reteponazepax: T =77 K (1), T=300 K (2)
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Table 1. Principal parameters of investigated heterostructures

Batch d, Dopant  |Carrier density| hvpax hVax Jin Jin Tditt
No. pum in central layer| at at at at at
n(p),cm> |300K,| 77K, |300K,| 77K, |300K,

eV eV | Alcm? | Alcm? | %

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 1483 1100 295 25
1075 2 Ge p=10" 1.382 1.465 4000 1700 25
1021 25 Zn p=10% 137 147 4200 1000 35
1014 2 Si p~210® 1344 1424 10000 5000 10
1028 2 Si p=6-10" 1.355 1.43 4000 1500 15

* The active region was not specially doped.

** A small increase in hv,y 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
(30x250 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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Tadanna 1. OcHOBHBIE TapaMeTpPhl UCCIIEIOBAaHHBIX T€TEPOCTPYKTYP

Ne d, Tun Konnentpartust| hVpay NVimax Jrop Jrop 7~
NapTUM | MKM |JIETUpYIOUIeH| HocuTenei npu npu npu npu pu
00pasmoB TIpUMECH Bcepemem |300K,| 77K, |300K, | 77K, |300K,

coen (p), eM™| 9B 5B Alem® | Alem® | %
1083* 0.8 HJI n=10" 142 1505 1500 800 30
1076* 0.7 HIT n= 10" 142  1.505 940 400 20
1075** 0.5 Ge p=10" 1.407 1483 1100 295 25
1075 2 Ge p=10" 1.382 1465 4000 1700 25
1021 25 Zn p= 10 137 147 4200 1000 35
1014 2 Si p~210% 1344 1.424 10000 5000 10
1028 2 Si p=6.107 1355 1.43 4000 1500 15

*  AkTUBHas 0051aCTh IpeIHAMEPEHHO HE JIETHPOBAIaCh.

** HeGounbiioe yBenuaeHUue Ny, MpU YMEHbBIICHHH IHPHHBI cpeaueil obnactu (o6pasust 1075 u
1075), oueBumHoO, cBsizano ¢ obpasoBannem Al,Ga; ,AS B akTHBHON 007acTH BOJIM3M TPAHHMILBI C
IIHPOKO30HHBIM N-3MUTTEPOM.

UMEIOT BH] KPUBBIX ¢ MUHUMYMOM 1ipu d = 2 MxM. [Ipu mupuHe akTHBHON obJac-
TH, MEHBIICH 2 MKM, B TaKUX CTPYKTYpax HaOJrOJaeTcs pe3Koe BO3pacTaHUe I0-
POTOBBIX TOKOB, 00YCJIOBJICHHOE YBEIUYCHHEM MOTEPh W MOSIBICHUEM JBIPOYHOM
WHXKEKIUH.

OOBIYHO B apCEHHI-TAJUTUEBBIX Jla3epax OCHOBHBIM M €IMHCTBCHHBIM Mate-
pHAaIoOM aKTUBHOU 00NacTu siBysieTcs p-GaAsS, TerupoBaHHbBIN IUHKOM.

Beime yxe roBOPWIOCH O TIONYYEHWH HH3KOMOPOTOBOW TEHEpalud MpH
300 K B rereponazepax ¢ akTHBHOM 00J1aCThIO, JIETHPOBAHHON repMaHHUEM.

Kak BUIHO M3 IaHHBIX, IPUBEIACHHBIX B TaOJHIE, KPOME apCeHUAA TalIus,
JICTUPOBAHHOTO TEPMAHUEM W LIMHKOM, B KaueCTBE aKTHBHOW OOJACTH TPEXCIOH-
HBIX TeTEepOIa3epOB MOTYT OBITh YCHEIIHO WCIIOJNb30BaHBI apCeHU]| TaJUIHsl, JICTH-
POBaHHBIN KPEMHHEM, a TAKXKe HeJIeTHpOoBaHHbIH N-GaAS.

[Mony4yeHue KOTEpEHTHOTO H3IYYCHUS B TaKMX MaTepuanax B Jlazepax ¢
OOBIYHBIM p—N-TIEPEXOIOM HIIH BOOOIIC HEBO3MOXHO (ApCEHUI TajlIvs, JITHPO-
BaHHbIH Si), 60 BCTpeUaeT 3HAUMTETBHBIC TPYAHOCTH JAKE TPU MOHIKCHHEIX
Temneparypax (HenerupoBanHbiii N-GaAs [8], GaAs, neruposannsiii Ge [9]). Tlo-
BEITIICHHE Y(PGEKTUBHOCTH HHKEKIIMH M TpeIHaMEpeHHOE OTpaHWdYeHUE 00JIacTh
PEKOMOMHAIIMM B TPEXCIOWHBIX TeTepoia3epax MO3BOJAIOT STHM MaTephalaM yc-
NEUIHO KOHKYPUPOBATh C TPAIMIMOHHBIM apPCCHUIOM TaJlUTHsl, JIETUPOBAHHBIM LIUH-
KoM (cM. Tabnuiy).

HermpepbIBHEBIN pekuM TeHEpaluu P KOMHATHOM TeMIiepaType ObLI TOJy-
YeH Ha o0pasnax MaJiol IUIOINAAX, U3TOTOBJIEHHBIX C MOMOILIBI0 (oTonuTorpadu-
yeckoi TexHukH. (Pasmeps! aktuBHOU obmacti 30%x250 mkm). TemaooTBOAaME CITy-
KHJIM MEJIHbIE TocepeOpeHHbIE TIACTHHBL. HUKAKUX IPyrux Mep sl OXJIaXICHUS

! KorepeHTHOe m3nyyeHune npu 77 K B cnosix GaAs, nernposaHHoro Ge u Si, npu ontuue-
CKOM BO36Yy>xAeHUN nccnenosaHo HegasHo B paboTax [6, 7].

137



Zh.1. Alferov, V.M. Andreev, D.Z. Garbuzov, Yu.V. Zhilyaev, E.P. Morozov,
E.L. Portnoi, and V.G. Trofim

References

1. Zh.l. Alferov, V.M. Andreev, E.L. Portnoi, and M.K. Trukan. Sov. Phys.-Semicond. 1970.
Vol. 3. P. 1107.

2. Zh.l1. Alferov, V.M. Andreev, V.1. Korol’kov, E.L. Portnoi, D.N. Tret’yakov, M.K. Trukan,
and A.A. Yakovenko. Abstracts of Papers presented at 3rd Conf. on Electroluminescence.
Tartu, 1969. P. 15 [in Russian].

3. 1. Hayashi, M.B. Panish, and P. Foy. IEEE J. Quantum Electron. 1969. Vol. 5. P. 211.

4. H. Kressel and H. Nelson. RCA Rev. 1969. Vol. 30. P. 106.

5. Zh.l. Alferov, V.M. Andreev, F.A. Gimmel’farb, L.M. Dolginov, Yu.A. Zhitkov, L.D. Libov,
E.L. Portnoi, V.G. Trofim, M.K. Trukan, and E.G. Shevchenko. Sov. Phys.-Semicond.
1971. Vol. 4. P. 1457.

6. R.D.Burnham, P.D. Dapkus, N. Holonyak, Jr., and I.A. Rossi. Appl. Phys. Lett. 19609.
Vol. 14. P. 190.

7. J.A.Rossi, N. Holonyak, Jr., P.D. Dapkus, R.D. Burnham, and F.W. Williams. J. Appl.
Phys. 1969. Vol. 40. P. 3289.

8. D.K. Wilson. Appl. Phys. Lett. 1963. Vol. 3. P. 127.

9. Zh.l. Alferov, D.Z. Garbuzov, E.P. Morozov, and D.N. Tret’yakov. Sov. Phys.-Semicond.

1969. Vol. 3. P. 600.

X.N. Andépos
Zh.l1. Alferov

138



XK.N. Angpépos, B.M. AHapees, /[.3. lapby3os, I0.B. >Kunsaes, E.[1. Mopo3os,
E.J1. MNMopTtHoi, B.I'. Tpodum
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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

Intensity, rel. un.

1800 1900
Wavelength, A

Fig.1. Emission spectrum of liquid xe-
non: 1 — pump current density
150 Alcm?, 2 — 70 Alcm?, 3 — emis-
sion spectrum at low excitation den-
sity. The resolution of the monochro-
mator is shown in the upper right-hand
corner

1700

# JETP Lett. 1970. Vol. 12. PP. 329—331.
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was 25 Alcm?).

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
strongly, and the half-width of the line
reaches 20 A, which is close to the spec-
trometer resolution (17 A), whereas the half-
width of the same line at low excitation den-
sity is 80 A.

The emission lines against the back-
ground of a broad line with half-width 150 A
at wavelengths 1715, 1785, and 1815 A cor-
respond possibly to transitions from the ex-

cited levels of the molecule Xe,(*°Z;,)to



KBaHTOBbIW reHepaTop B BaKyyMHOM 06/1aCcTU cnekTpa
Npy Bo36Y>KAEHNN YKNAKOro KCEHOHA 3/IEKTPOHHbIM Ny4YKoM*

H.r. bacos, B.A. JaHnnnsiyes, O.M. lNMonos, 4.4. XoakeBny

dusnyeckmin MHCTUTYT uM. MN.H. Jlebeaesa Akagemum Hayk CCCP
Moctynuno B peaakuunto 16 oktabpsa 1970 r.

B pa6otax [1, 2] 6bu10 MpeaoKeHO U 00CYKIECHO MCIONIb30BaHHUE IS TeHE-
paiuu B 00JaCTH BaKyyMHOI'O yJIbTpa(uoseTa KOHJICHCUPOBAHHBIX OJIarOpOIHBIX
anemenToB (Xe, Kr, Ar, Ne, He). Co3nanue nazepa Ha KOHACHCUPOBAHHBIX MHEPT-
HBIX Ta3ax 00JEerYeHO BO3MOKHOCTBIO Pean3allii YeThIPEXyPOBHEBOM cxembl [3].

B mpoBeneHHBIX paHee SKCIIEpUMEHTaxX MO BO30YKIEHHIO KOHIEHCHPOBaH-
HbIX OnaroponaHbix ra3oB (Xe, Kr, Ar) u ux cMmeceii ObICTPBIMH 3JIEKTPOHAMH OBLTH
MOJTyYeHBI CIIEKTPHI JIFOMUHECIICHIINH, OlleHeHa () ()eKTUBHOCTD JIFOMHHECICHIINH
1 OBIIO OOHApYXKEHO cilaboe WHIYITMPOBAHHOE W3ITyYCHHE JKHUIKOTO KCEHOHA Ha
nnmHe BonHbl ~1760 A [3-5]. DTu sKcrepuMeHTHI GbUIH BHITIOTHEHBI 0€3 3epKai 1
Opy MaJiol IUIOTHOCTH BO30YykAeHHs (MakcHMalbHas IUIOTHOCTH 3JEKTPOHHOTO
ToKa cocrapmsuia 25 Alem?).

B namieli pabore OmMMCBHIBAIOTCS 3KC-
MIEPUMEHTHI 10 MOJYYECHUIO TeHEepaluHu Ha
JKUIKOM KCEHOHEe B BaKyyMHOH oOmactu

HHTeHCUBHOCTBD, OTH. €11,

CIIEKTpa TIPU BO30YKIEHUH MOMIHBIM (ILIOT- o
HOCTB TOKA 31IeKTPoHOB 710 200 Alcm?) myu-
KOM OBICTPBIX 3JIEKTPOHOB.

CriekTp HM3ITydeHus] KUIKOrO0 KCEHO- 5

Ha IS ABYX 3HAYCHUH TUIOTHOCTH TOKA Ha-
KauyKd TOKa3aH Ha puc. 1 (s cpaBHeHHs
MyHKTUPOM TIOKa3aH BUJ CIEKTpa MpU Ma-
JIOM TIOTHOCTH BO30YXkIeHMs). IIpu mimoT-
HOCTSX TOKa 3MeKTpoHoB Gonee 100 Alem®  1f
MHTeHCHBHOCTS THAK 1760 A cnmbrO BO3-
pacraer, TMpU O3TOM TMONYNIMPUHA JIMHUU -
nocturaer 20 A, uro 6mmsko k paspenre- 1700 1800 1900
muto crnekrpomerpa (17 A), Torna xak mo- Jlna sosub, A
JlylMpUHA OTOH JKe JIMHWA TPH MAloif Puc. 1. CnexTp u3nydeHHs >KHIKOTO
MJIOTHOCTH BO30YxaeHus cocTaisier 80 A, KeeHona 21 —_ [UIOTHOCTb TOKH HaKatKH
. 150 Alem®, 2 — TMJIOTHOCTH TOKA
JInnnn usnydenus Ha GpoHe WUPOKOH . o 70 Aler?, 3 — criektp msmy-
nonockl ¢ nomymmpuHoit 150 A Ha mmmax YEHUsT TIPH MaNoil TUIOTHOCTH BO3OYK-
BOJIH 1715, 1785 n 1815A BO3MO>XKHO CO- JIEHUS. PagpemeHHe MOHOXpOMAaTopa
OTBETCTBYIOT MepeXoJiaM ¢ BO30Y)KICHHBIX  I[10Ka3aHO B BEPXHEM IIPABOM YLy

* MucbMa B XKITD. 1970. T. 12. C. 473-474.
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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 (Az~ 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
equivaI?nt 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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ypoBHEH MOJeKyJIbl Xe; (1'323:@) Ha OCHOBHOW. [IpM TUIOTHOCTSIX TOKa BBIIIE

100 A/cm® Ha TIOMHHECIIEHTHOM SKpaHe, Ha KOTOPBIH MPOEKTHPOBAIOCH H3Iyde-
HUeE, MOSIBIISUIOCH CBETIIOE TISITHO. PacXoaMMOCTh M3ITydeH s, OlICHEHHas! 10 pa3Me-
paM 3TOTO MATHA Ha SKpaHe, COCTaBWIIa IPUMEPHO 7°. 3aBUCUMOCTh UHTEHCHBHO-
cti m3nydenus muEEE 1760 A oT mioTHOCTH BO3GYXKIEHHS MO3BOJSAET OLECHUTH
TIOPOTOBYIO IIOTHOCTH Toka 30-60 Alem?.

Perucrpanmst n3aydeHus IpOU3BOAUIIACEH C TIOMOIIBI0 MOHOXpoMaTropa BM-1
¢ pemerkoii 1200 mTpux/mM. KpoMe 3amucu CrieKTpoB OCYIIECTBISIACH TAKIKE pe-
TUCTpAIl¥sl U3IyUYeHHs] ¢ TIOMOIIBI0 BaKyyMHOTO (POTOIMOJA C BBICOKUM BpPEMEH-
HBIM paspemieHreM. @opMa U ATUTETBHOCTh UMITYJIbCA U3ITYYEHHsI COOTBETCTBOBA-
71 GopMe U JUTUTETBHOCTH UMITYJIbCa SJIEKTPOHHOTO ToKa (A7~ 10 Hcek),

B kavecTBe 3epKall MPUMEHSUIUCH MONYNPO3payHble aTFOMUHHUEBBIC 3epKaa,
HAIBUICHHBIC HA MOJUIOKKY M3 (PTOPUCTOTO JIUTHS M MOKPBITHIC 3alIUTHBIM CJIOEM
dropucroro maruus. IIpomnyckanue 3epkan Ha amuae Boaasl 1700 A cocrasmsno 1-
2 %, a xkoapduiment orpakenuss 50—60 %. Takum 00pa3oM, SKBUBAJICHTHBIH KO-
5 pHIEEHT MOTIOIIEHN)s, BHOCHMBIi 3epKaiaMi B pe3oHaTop coctaisit 0,5 Cm ™.

HcTOYHMKOM 3JEKTPOHOB CITY)KWJIA 3JICKTPOHHAS HMMITYJIbCHAS MYIIKa, IO-
3BOJIAIOIIAS MOMYYaTh IIOTHOCTh 3IEKTPOHHOro Toka 10 300 A/cM™ mpu sHepruu
110 1 MbB ¢ 1uTensHOCThI0 TOKOBOT0O uMITyibea 10 Heek.

IMpumenenue apyrux OJaropoHbIX ra3oB [3-5] B KOHAESHCHPOBAHHOM CO-
CTOSTHUH, MO-BUANMOMY, TIO3BOJUT BBIHYXKACHHOE W3JIY4YCHUE B IIMPOKOM JHara-
30He JUTHH BOJIH, BIUIOTH 10 600-800 A.

ABTOpHI BBIpaxkatoT OnarogapHocts A.I'. MonuaHoBy 3a oOcykIeHue pe-
3ynbTaToB, a Takxke M.b. Koy n O.M. KepuMoBy 3a moMoIups npu npoBeAeHUU
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 W of glasses (JW| < 10x10~ 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 20x260 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 | p-10', 1/°C n a-107, 1/°C f,m
GLS-1 45.0 -4.0 1.53 92 8.0
KGSS-3 22.0 -33.0 154 102 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 2.4 — 1.56 — >100
Phosphate LGS-40 -16.0 -72.0 151 110 -33.0
Phosphate -30.0 — 151 — -115

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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MN3MeHeHMe 3HaKa TenJioBou JINH3bI
CTEKJISSHHbIX JIa3epHbIX CTEP)XXHeN
Nnpyu U3MEeHEeHUN TepMOONTMUYECKO NOCTOSIHHOW cTekna’

M.M. bBy6HoB, U.M. By>kxnHckwnii, EM. lnanoB, C.K. MaMOHOB,
J1.. Muxaiinosa, A.M. lNMpoxopos

dusnyeckmin MHCTUTYT uM. MN.H. Jlebeaesa Akagemumn Hayk CCCP
MocTtynuno B pegakuuio 3 anpens 1972 r.

W3BecTHO, YTO HEOJHOPOAHBIN MO CEYCHUIO HArpEB JIa3epHOTO CTEPIKHS CBE-
TOM HaKa4KH MPHUBOJHUT K 0OPa30BAHUIO TEILUIOBOW JIMH3BI, YTO O3HAYAeT AedopMa-
uro pesonaropa OKT [1, 2].

Tepmuueckue nedopmariii OKa3bIBalOT CUIIBHOE BO3ICHCTBUE HA BBIXOIHBIC
XapaKTepUCTHKH Jla3epa. B cirydae ia3epoB Ha CTekiIe MMeEeTCs MPUHIUIHAIBHAS
BO3MOKHOCTh TOA0OPOM COCTaBa CTeKja M30aBUTHCS WM CYIIECTBEHHO YMEHb-
HIMTh TepMUuueckue aedopmarmu pezonatopa [2]. B pabore [3] Obin mpeanoxeH
HOAXOM K PELICHHIO ATOW 3aJa4y M ONPEAEIIeH HHTEPBAN 3HAYEHHH TEPMOONTHYE-
ckoit moctosHoit W crexon (JW| < 10-107 1/°C), m1s KOTOPOro TepMHUECKHE Je-
(opManuy JOIKHBI OBITh MUHUMAJIBHBIMU. JKCIIEPUMEHTAIBHBIM TTOITBEPKICHH-
eM JTOro mojaxonxa sBuiack pabora [4], B KOTOpOW NpHBEICHBI H3MEPEHHBIC
aBTOpaMU TEPMHUUYECKHE IeopMaluy Ui psiia CTEKOJN C Pa3IUNuHBIMU TTOJIOKH-
TEITLHBIMHU 3HAYEHUAMH TEPMOOITHYECKOH MTOCTOSHHOM.

B Hacrosimieit paboTe OMUCHIBAIOTCS PE3YJIbTATHI U3YUYCHHS CTEKOJ KaK C IM0-
JIO)KUTEIBHBIMH, TaK ¥ OTPHLATEIbHBIMH 3HAYEHHSMH TEPMOONITHYECKOH MMOCTOSH-
HOH, YTO COOTBETCTBYET IIMPOKOMY THANa30Hy M3MEHEHHsS COCTABOB CTEKOJ (CM.
tabu. 1). Beutn u3Mepens! (OKyCHBIC PACCTOSIHUS TEIJIOBOM JIMH3bI, 00pa3yIoIeHcs

Tab6umma 1

Crexio W-107, 1/°C | 107, 1/°C n o107, 1/°C f ™
rJjic-1 45,0 -4,0 1,53 92 8,0
KI'CC-3 22,0 -33,0 1,54 102 14,0
CuimkaTHoe 17,2 -42,0 1,55 108 27,0
CunukaTtHoe 12,5 -48,0 1,55 110 46,0
Bopdocdarnoe JII'C-41 6,6 -52,0 1,52 112 68,0
Cwmimkaraoe JII'C-44 6,4 — 1,53 — 44.0
CunmkatHoe 2,4 — 1,56 — >100
®docparroe JI'C-40 -16,0 -72,0 1,51 110 -33,0
docdarroe -30,0 — 1,51 — -115

Ipumeuanue. Crexmna I'JIC-1 u KI'CC-3 cepuiiHble CHIIMKATHBIC, OCTAIbHBIC — OIBITHBIC.

# 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 =FZ/A,

where Fy 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 um 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 2 = 0.63 um 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(W), 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 T(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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)
005 }
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MpU NIEPUOIUYECKON HaKaykKe JIa3epHbIX cTepykHeu. Kpyribie cTepkHU pazMepom
20%260 nakaumBanuch kceHoHOBOH siammoit MDII1-5000 ¢ wactoroii 0,1 I'i, cpen-
Hsisl MomHOCTh Hakauku 250 BT. B xauecTBe 0cBETHUTENS HCIONB30BANICS IWIHH/-
pudeckuii 00k u3 crexia JIK-318 ¢ oTpakaroiiyM MOKPHITHEM Ha €ro MOBEPXHO-
cti. OXJaxaeHne CTepP KHS W JIaMIIbl MPOU3BOAMIOCH MPOTOYHON BOJOW. B aTmx
YCJIOBHSIX CTAllMOHAPHOE PAaclpeelieHue TeMIIepaTyphbl B CTEPKHSIX yCTaHABIIKBA-
nock ipuMepHo nociie 30 UMIyIHCOB HAKAYKH.

N3mepenne GOKyCHOrO pacCTOSHUS TEIUIOBOW JIMH3BI IIPOU3BOAUIOCH aBTO-
KOJUTUMAIIMOHHBIM MeTonioM [5]. Mccnenyemsrit crepxkers (B OCBETHUTENE) MOMe-
IIaJICsl MEXKIy TUIOCKHUM 3€PKaioM W 0OBEKTUBOM aBTOKOJLTUMaropa. M3mepsiiach
BenmmunHA Ne(hOKyCUPOBKH TPyOBl A, 00ycioBlieHHas o0Opa30BaHWEM TEILUIOBOMH
JIUH3EI TIPU HAaKauKe CTEPKHS, TIPHU 3TOM BEIMYMHA A MEHSET 3HAK IPU U3MECHECHUU
3HaKa HccieryeMoi InH3bI. DOKYCHOE PacCTOsIHUE TETUIOBOW JTHH3BI OTIPENEISIIOCH
mo opMmyie

f = FOZ / A,

rae Fo — ¢okycHoe paccTosiHue 00bEeKTHBa aBTOKOJUIUMATOPA.

Jlyist mpenoTBparteHust 00pa3oBaHKs pe30HaTopa Ha BOJIHY A = 1,06 MKM ITOCKUM
3epKaJIOM M TOPIIOM CTEPKHsI, YTO MPUBENO ObI K Pa3BUTHIO TEHEPAIMU U YCIIOXKHE-
HHIO HKCIIEPHMEHTA, B KAaueCTBE IUIOCKOTO 3epKajia MCIOJb30BaJIOCh JHAJIEKTpUYe-
CKO€ 3€pKaJl0 ¢ MaKCHMaJbHbIM OTpaskeHreM Ha BosiHe A=0,69 Mxm. CrienoBaTesib-
HO, U3MEPEeHHbIC 3Ha4YeHUs (POKYCHBIX PACCTOSHUIT OTHOCATCS K 3TOM JJTMHE BOJIHBI.

[Tony4yennsle naHHele npuBeAeHsl B Ta0n. 1 u Ha puc. 1. ITo ocu abemuce
(puc. 1) oTiOXeHbI 3HAUCHUSI TEPMOONTHIECKOH mocTossHHON W CTEKOJ ISl UTHHBI
BomHBl A = 0,63 MKM, a 110 OCH OpAMHAT — 3HAYEHHS ONTHYECKON CHIIBI JHH3HI (B
quontpusix D). U3 rpaduka BUIHO, YTO MO Mepe YMEHBILCHUS TEPMOONTHYECKOM
MIOCTOSIHHOHM CHJIa TEIUIOBOM JIMH3bI YMEHBINACTCS U PU HEKOTOPBIX 3HadeHusx W
MeHseT 3Hak. [lomuepkHeM, 4TO IMOJTydYeHHas YeTKas KOPPENSIHs MEXIy CHIION
JIMH3BI U TEPMOOTNITHYECKOH MOCTOSIHHOW CTEKJIa MMEET MECTO JUIsi CTEKOJI, CHIILHO
OTJIMYAIOIIMXCS IO cocTaBy (cuimukatHeie, 6opdocdaTHoe, PochaTHbIe).
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An, (r) =N, (r) —Ng = ﬂAT (r) - B\lo-rr - BJ_ (699 + Gzz)i

Any(r)=ny(r)—ny = BAT(r) - Bog — B, (o +04,) @

for the radial (n;) and tangential (n,) components of light polarization, respectively.
Here, = dn/dT, g;; is the temperature stress tensor, B and B, are photoelastic con-
stants, and AT(r) is the temperature variation at the point r.

To calculate the change in the refractive index over the rod cross section, the
dependence T(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(N=T@-r’/), )

where T, = % Ay /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 T, from the measured focal length of the thermal lens as fol-
lows. For a section of a lens-like axially symmetric medium of length I, with a re-
fractive index changing according to the law

n=ny(1—2r’b?), (3)

f =t/(2nosin2l|)j. 4)

Having substituted the o;; components, expressed in terms of the temperature gradi-
ent T(r), into (1) [1], we can rewrite (1) in the form (3) and thus express the parame-
ter b in terms of T,. Then, substituting the measured values of the focal length of the
thermal lens into (4) and solving the equation obtained, we find T;. According to
the calculation, T;=5°C.

With the temperature distribution T(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,=3.6x10"cm%kg; (KGSS-3) f=
=-33x107 1/°C, @=102x10"1/°C, E=6.5x10"kglcm?, v=0247, B;=
=1.6x10" cm?/Kkg, and B, = 4.0x10~" cm?/kg; and (LGS-40) 5 =-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 1-3
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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st o6bsicHenus Takoil 3aBucumoctr f (W) paccMoTpuM MeXaHHM3MEBI, TIpH-
BOJAIINE K 00pa30BaHmi0 JTUH3bI. OCHOBHBIM SIBIISICTCSI HEOJHOPOIHOE 10 CCUYCHHIO
CTEpXKHs W3MEHCHHE IMOKa3aTelsi mpejomiaeHust AN(r) mpu Haau4yud TpaueHTa
Temreparypsl T(r). DKCIepUMEHTAIBHO OBIJIO MPOBEPEHO, YTO HU3THMOOM TOPIIOB
npu 00pa3oBaHUM JIMH3BI MOXKHO MPEHEOpeys, YTO COTJIACYeTCs C JUTEPaTyPHBIMH
naHHbIMH (cM., Hanpumep, [6]). Cornacho [1],

An, (r) =N, (r) —Ng = ﬂAT(I’) - B||O-rr - BJ_ (O-HH + O-zz)i

1
Ang(r)=n,(r)—ng = BAT(r) - Bjog — B, (o +03,) @

COOTBETCTBEHHO JUIS PAIMAIBHON Ny M TAHTCHIUAIBHON Ny KOMIOHEHT IMOJISIpH3a-
uu cBera. 3aech f = dn/dT, ojj — TeH30p TemIiepaTypHbIX HampskeHuid, B, B, —
doroynpyrue nocrosiubie, AT(I) — U3MEHEHHE TeMIIepaTypbl B TOUKE I

JUist pacyeTa 3MEHEHHs! ITOKA3aTelsl PEJIOMIICHUS 110 CeYCHHIO CTEpIKHS He-
o6xoaumo 3HaTh T(r). [IpeamnosaokuM, 4To UMEET MECTO PaBHOMEPHOE TEIIOBbIIE-
JIeHHe BHYTPH CTEp)KHs. TOrja Inpu MHTEHCUBHOM CHMMETPUYHOM OXJIXKICHHU B
CTepI)KHE yCTaHaBIIMBAeTCs mapaboMyeckoe pacrpeeieHue temmeparyps [7]. Hac
MHTEPECYeT OTHOCUTENBHOE PACIPEISICHHE TEMIIEPATYPHI [0 CEYEHUIO CTEPIKHS

T()=T@-r’/), 2

- 2
e T1 =%, Agly /K — pasHOCTB TemIiepatyp Ha OCH U Ha [IOBEPXHOCTH CTEPKHS, Ag—

CKOPOCTb BBIJICJICHHS TEIUIa B eIMHUIE 00beMa, K — TerionpoBoiHOCTh CTEKIIA.

OnennM T; Mo W3MEpEeHHOW BeNMWYMHE (DOKYCHOTO PACCTOSHUS TEIIOBOM
JIUH3EI CIIETYIONTUM ITyTeM. [[7s CeKIMu TMH30T0I00HOH 0CECHMMETPUIHON CPEIIbI
JUTHHOM | ¢ M3MeHeHreM TIOKa3aTels MPEIOMIIEHHS 110 3aKOHY

n=ny(1-2rb?) 3

f =b/(2nosin2:)j. (4)

IMoncrasus B (1) BeIpaxkeHus oy uepe3 rpaaneHt temmeparypsl T(r) [1], MoxHO me-
perucath (1) B popme (3), uto mo3Bossier Bhipaszuth mapamerp b uepes T;. Torna,
nozctapisis B (4) u3MepeHHbIE 3HaUeHHsI (POKYCHOTO pacCTOSHHUS TEIJIOBOM JIMH3BI
W pelasi Mmofy4YuBIleecs ypaBHEHUE, MOXHO HAaWUTH T;. BhIUMCIIEHHUS MOKA3bIBAIOT,
yto T;=5°C.

3Has pacmpezeneHue Temneparypbl T(r), MOXHO pacCuMTaTh BKIJIAJIbI pa3-
JMYHBIX WICHOB ypaBHeHus (1) B M3MeHeHHe TOKasarens mpejaomiieHus. Pacuer
mpousBoamics aias crekoi ['JIC-1, KI'CC-3 u JII'C-40. Ins pacyera MCIOJIB30Ba-
NMCH cremyromme mapamerpsl crekon. TJIC-1: f=—-4-10" 1/°C, a = 92:107 1/°C,
E=7510°kr/eM®, v=0,229, By=1-10" cm’/xr, B, =3,6:107 cm’/xr; KI'CC-3:
p=-331071/°C, «=10210"1/°C, E=6,510’kr/cM’, v=0,247, B;=
=1,6-107 em/kr, B, = 4,0-107 em?/xr; JITC-40: f=-72:10" 1/°C, o = 110-10™ 1/°C.

Mexanndeckne cBoiictBa crekna JII'C-40 Hen3BecTHBI, MOATOMY U OLEHKH
B3SThI COOTBETCTBYIOIIHE MApaMeTPhl TUITMYHOTO (OC(HATHOrO MPOMBIIIICHHOTO CTEK-

dokycHoe paccrosinue [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 S
values). The total effect depends mainly on the relation between £ 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 £ 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 g. Using formulas (1), (3),
and (4), one can easily show that, with the n, o, E, v, B}, , and B, values and the
temperature gradient T(r) identical for all glasses, the optical lens strength D de-
pends linearly on £ and on W = a(n—1) + £ in a wide range of § 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, By = 1,6:10 em?/xr, B, = 4,0-107" cm?/xr. Pe-
3yJIbTaThl pacdera mpuBeAensl Ha puc. 2 ([JIC-1 (1) , KI'CC-3 (2) u JIT'C-40 (3)).
[lTpruxoBble KpHUBbIE OKA3bIBAIOT PAJHATIBHYIO 3aBUCUMOCTh U3MEHEHHUS TIOKa3aTe-
JISL IPEJIOMIICHUSI BCIICICTBUE BO3HUKAIOUIMX B CTEPXKHE HampspKeHuid (a) U BCleacT-
BHE M3MCHEHHS TEMIIEPATYPhl CTEPIKHS TIPU HyJIEBbIX HanpspkeHusx (6). CIuiomHbie
KPHBBIE M300paKaroT paJualbHYI0 3aBUCHMOCTH IMOJHOTO W3MEHEHHMsl MOKa3aTels
NPEJIOMIICHHSI, ONTMChIBaeMyto ypaBHeHUs MU (1). UTOOBI He meperpyskath pUCYHOK,
3[ech NPUBEACHBI CPEAHUE M0 JBYM HOJSAPU3ALMIM 3HAUYCHHUS U3MEHEHHs IOKa3a-
TeJIs IPEJIOMIICHUS.

Puc. 2 narnsaHo winrocTpupyeT o0pa3oBaHUe TEIUIOBOH JIMH3BL. BuaHo, 4To
NpY NEPUOAMYECKON HAaKaYKe CTEPXKHsSI BO3HUKAIOIIME B HEM HANpsDKEHHS MPUBO-
ISIT K 00pa30BaHUIO ITOJIOKUTEIbHOM JIMH3bI, B TO BPEMsI KaK TEMIIEpaTypHOE n3Me-
HEHHE TI0Ka3aTellsl IPeIoOMIICHHS IPUBOAUT K 00pa30BaHUIO OTPULIATELHOMN JIMH3BI
(mpu oTpHLIATENIFHBIX 3HAYCHHSX [§) M YTO CyMMAapHBIH 3((QEKT 3aBHCHUT, B OCHOB-
HOM, OT COOTHOILIECHHUSI MEXIY BEIMYMHON £ 1 3HAYCHUAMH (OTOYNPYTHX HOCTOSH-
HBIX CTEKJIA.

BaxHO OTMETHTBH 31€Ch, YTO BEJIMYMHBI AN, ONHCHIBAEMbIC KpUBBIMH (0),
CHJIBHO M3MEHSIOTCS MPH MEPEX0ie OT CTEKIIa K CTEKJIy M 3TO U3MEHEHHE Ha MOopsi-
JIOK IIPEBOCXOAUT COOTBETCTBYIOLIEE U3MEHEHHE BeIUUUH AN, ONMCHIBAEMBIX KpH-
BbIMH (). DTO OOBSACHSETCS TEM, YTO (POTOYNPYTHE MOCTOSHHBIE CTEKOJI MEHSFOTCS
HE3HAYUTEIBHO Ja)Ke NPU CHIIBHOM HM3MEHEHHMH COCTaBa CTEKIJA, B TO BpeMs Kak
BEJIMYMHA § OYeHb YyBCTBHUTENbHA K cOCTaBy. [103TOMy M3MeHEeHne CUIIbI TEIIOBOH
JIMH3BI U €€ 3HaKa MpH W3MEHEHHH COCTaBa CTEKJIa NMPAKTHYECKH MPOUCXOIUT 3a
CUEeT U3MEHEHHS TOJILKO BEJIMUUHEI f5. Jlerko mokasath ¢ nomoiisio Gopmy (1), (3)
u (4), uto eciu N, @, E, v, B), B, u rpaxuenT temnepatypsl T(I) OXMHAKOBBI IS
BCEX CTEKOJI, TO JUIs IIMPOKOr0 WHTEpBaja 3HAUeHUH S onTudeckas cuia JuH3bl D
nuHeitHo 3aBucuT oT f u or W=a(h—1)+p. OTKIOHEHHE SKCIIEPUMEHTAIBLHO
nonyueHHoi 3aBucumoctd D(W) otT smHeiHON 00bsCHsAETCS HEOONBIIMMU Bapha-
OUSIMH YKa3aHHBIX TApaMETPOB OT CTEKJIA K CTEKITy, a TaKKe Pa3InYHbIM TEIIOBbI-
nenenueM B crekiax. IlocneaHee oOCTOATENBCTBO CBA3aHO C HEOAWHAKOBBIMH
CIEKTPaIbHO-IIOMUHECLIEHTHBIMH XapaKTEPUCTUKAMH UCCIIELyEMbIX CTEKOJI.

ABTOpHI BEIpakatoT Onaromapaocts C.M. KypradeBy 3a moMoIis B 3KCIIEpH-
MCHTAax.
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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 0.14x1.3 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°.

D|P L Cc

Fig. 1. Experimental setup: D — diaphragm (6x6 mm); P — plate 1.3 mm thick, with surface
roughnesses ~150 pm high and ~1 um 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 BOJIHOBbIMU (PPOHTAMM OTPAXKEHHOrO
1 BO36y>caalowero ceeta rnpuv BbiIHY>XAE€HHOM paccesiHum
Manpenbwtama—Bpunniosna’

b.5. 3enbgoBny, B.N. MNonosnyes, B.B. ParyibCKunii,
@.C. daiizynnos

dusnyeckmin MHCTUTYT uM. MN.H. Jlebeaesa Akagemumn Hayk CCCP
[MocTynuno B pegakuuio 6 aHeaps 1972 r.

[Tpu BeIHY)XAEHHOM paccesHun Manpaensiurtama—bpummosna (BPMB) caer,
paccestHHbIM Haszall, paclpoCcTpaHsieTcs OOBIYHO B TOM K€ TEJIECHOM YT, YTO U
BO30y>Karomiee uanydeHue, cM. [1]. Jlo cux mop He HCCIeI0BaloCh, CBsI3aH JIH
3TOT (aKT JIMIIb C TEOMETPHEH OMBbITa WKW OH MMeeT OoJiee TITyOOKYI0 MPHUPOLY.
[yt BBIICHEHHUS 3TOTO BONPOCA MBI CPABHWIIM BOJHOBBIE ()POHTHI OTPAKEHHOTO U
BO30Y>KIaOIIEro CBETA.

CxeMa 3KCcriepuMeHTa Moka3aHa Ha puc. 1. BomHoOBo# GpoHT m3mydeHus jia-
3epa Ha pyOWMHE HCKaKaeTcs C MOMOIIbIO IUIACTHHBI [/, W3TrOTOBJICHHOW ITyTeM
TpaBJICHUS MOJIMPOBAHHOIO CTEKJIAa B IIJIABUKOBOW KHcioTe. JlazepHOe HM3mydeHHe
umeer pacxogumoctb 0,14x1,3 mpax. PacxoaumMocTs cBeTa, MpOMIENIIErO Yepes3
IUIACTHHY, COCTaBIIsET 3,5 MpaA. DTOT CBET MONAJaeT B IOJIBIA CTEKJISIHHBIN CBETO-
BOJ KBAJPATHOTO CEUEHHs, MOMEIIEHHEIH B KIOBETY C ra3000pa3HBIM METAaHOM .
Tak kak U3My4YeHHE MaJaeT Ha CTEHKU CBETOBOJA MO CKOJB3SIIUMH yTrilaMH, ¢pe-
HEJEBCKUH KOG GHULUNEHT OTpakeHHUs OT HUX ONM30K K equnuue. bnaronaps stomy

I f
/U U VS nd
| Ja

Puc. 1. Cxema skcriepuMmeHTanbHON ycraHoBKM: D — nmadparma 6%6 mm; /7 — macTuHa
TOIIMHOM 1,3 MM, HEPOBHOCTH Ha ITOBEPXHOCTH IUIACTUHBI IMEIOT pa3Mepsl ~150 MkM 1 rity-
ouny ~1 MxMm (00 ONMTHYECKHX CBOMCTBAaxX MOMOOHBIX MIACTUH cM. [2]), paccrosiHue Mexiy
actuHON u auadparmoit 10 em; JI — nmH3a muamerpoM 10 cM ¢ POKyCHBIM pacCTOSTHHEM
100 cM; K — KroBeTa CO CBETOBOIOM, JUIMHA KIOBETHI 96 cM; mnHa cBeroBoma 94 cM, cede-
Hue 4x4 mm; C; u C, — CHUCTEMBI H3MEpEeHHs TAPaMETPOB JIA3EPHOTO U OTPasKEHHOTO CBETa

#* MucbMa B XIOT®. 1972. T. 15, Bbin. 3. C. 160—-164.

! MeTaH HaxoAWUTCA MpU KOMHATHOM TeMmepaType noA AasjeHveMm 125 atM. lNpu aTux ycno-
BUAX KO3(PPUUMEHT ycuneHns 3a cyet BPMB =0.09 cM/MBT, a WwWupuHa NUHUM yCUIEHUS
=20 Mluy [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) radiatic_m. The disgersioln of Ci, 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. 3b. 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 3b 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. 3c). 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)
Es(r., 2) in the plane z =2z, coincides (apart from a factor) with the complex-

conjugate laser field E, (r,2):
E,(r.,z,) ~ constE, (r,,z,). (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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obOecnieunBaeTcsi TOCTOSHCTBO HHTEH-
CHUBHOCTH HAaKayK{ M0 JIMHE KIOBETHIL
Jns mpenynpekeHus TeHepaluu OKHa
KIOBETHI CKOIIIEHBI Ha yrou 45°.
IInactuna I/ ocBemiaeTcsi My4YKOM
MPSIMOYTOJIBHOTO CeUeHUs, c(HOPMUPOBAH-
HbIM auadparmoit /{. C TIOMOIIBIO JIMH3BI
JI ¢ Oompmmoit ameprypoil M300pakKeHHE
OCBEIICHHOW O0JIACTH CTPOUTCS Ha BXOJE
CBETOBOJIA, MPHYEM BEIUYMHA HM300paxe-

Puc. 2. CiektporpaMMbl BO30YKIAIOIIETO
(cmeBa) w paccesHHOTO (CrpaBa) H3ITyde-

Hui. Obnacte auctiepcun 3tanona dadbpu—
HUS paBHa pasMeEpPy BXOIHOIO OTBEPCTHS Tepo 3,33-102 cm™

cBeTOBOJIa. briaromapst 3ToMy Bce Jia3epHoe

W3ITyYeHHe, PETUCTPUPYEMOE H3MEPUTEINb-
HOW cuctemot Cj, mpoiad miacTuHy // u auH3y, nonagaer B cBeroBod. Cucrema C,
pETHCTPUPYET OTPAKEHHBIH CBET, TAK)Ke MPOIIEIINIA Yepe3 JINH3Y U IUIaCTHHY.

PyOunHOBEII JTa3ep paboTaeT HA OOHOW OCEBOW MOJIE, €T0 U3ITydYeHHE Ha BXO-
JIe B KIOBETYy MMEET MaKCUMAaJIbHY0 MOITHOCTh ~1,3 MBT npu JUIMTEIIEHOCTU M-
myJnsca 1o mosryBeicote ~110 Heek. Pa3Bsizka Mexay ma3epoM U KIOBETOH OCyIecT-
BIISIETCS C TIOMOIIBIO ONITUYECKOT0 U30JIATOpa Ha OCHOBE siueriku Dapaes.

B crniekTpe oTpakeHHOr0 CBeTa HAOMIOAaeTCs OJHA JUHUS (pHc. 2), cMelle-
HUE KOTOPOH OTHOCHUTEIHHO JIMHHUH JIA3€PHOTO M3IYUYEHHsS] COOTBETCTBYET pacces-
Huto Ha 180°.

Ha dotorpaduu puc. 3a mokazaHo pacnpesesieHHe JTa3epHOTO M3IYUYeHUs B
nansHel 30He. DoTorpadus nanpHel 30HBI OTPaKEHHOTO U3Ty4eHHS MIPUBECHA Ha
puc. 36. Kak BUIHO, OTpaXCHHOE U3Iy4YCHHE, IPOUIS TIaCTUHY /], UMEeT MpaKTu-
YECKH Ty K€ PacxXxOIWMOCTh, YTO M JIA3€PHBIM CBET. DTO MOATBEPXKIAETCS TaKXkKe
COBIIAICHUEM OTHOILEHHUS WHTCHCUBHOCTEH, OIMpEeIeNICHHBIX Npu 00paboTKe Hera-
THBOB 36 U 3a, ¢ BeIU4YNHOHN Kodddunuenta orpaxkeHus (~25 %), HOIyYeHHON K3
KaJIOpUMETPUUECKUX U3MEPEHUI.

Wuas kapTrHa HAOMIOJACTCS, €CIIM 3aMEHUTD KIOBETY C METAHOM Ha IJIOCKOE
3epkaio (cM. puc. 36). B 3TOM ciiydae pacXoAuMOCTh OTPAKEHHOTO CBETa HAMHOTO
MPEBBIIIAET PACXOJUMOCTD JIA3ePHOTO U3TYUYCHUS U COCTaBIsieT 6,5 Mpaf.

[Tydok KOrepeHTHOTo CBeTa, MPOIIEIIINN Yepe3 TPaBJICHYI0 ITUIACTHHY, TpU
JANbHEHNIIIeM paclpOCTPaHEHUH CTAHOBUTCS CHIIBHO HEOJHOPOJIHBIM IO IOIEpedy-
HOMY CEUYCHHIO 33 CUeT WHTep(EPECHIMU BOJH, MIYIIUX B Pa3HBIX HAIPABICHUSIX
[2]. [ns BbIsicHEHMSs BIHSHHSA DTHX HEOTHOPOAHOCTEH Ha mpouecc BPMbB 6biia
cdororpadupoBaHa NaNbHsS 30HA OTPAKEHHOTO CBETA MPH OTCYTCTBHH IUIACTHHBI
(puc. 32). B aToM chy4yae pacXoAMMOCTh PACCESIHHOTO IMOJMYYCHHUS CYIIECTBECHHO
MPEBOCXOANT PACXOJUMOCTH BO30YKIAIOIIETO CBETA.

OOHapy>keHHOEe Ha PKCIIEPUMEHTE «HCIIPaBJICHHWE» BOJIHOBOTO (ppoHTa pac-
CesTHHOTO Ha3aJ M3JTydeHHs C IIOMOIIBI0 TOH ke (ha30BOil MIACTHHBI, KOTOpas HCKa-
3WJIa UCXOAHYIO JIA3€PHYIO BOJHY, MOKHO OOBSICHUTB, €CIIM YJAcTCs IO0Ka3aTh, YTO
paccesinHoe moje (curnan) Eq(r,, z) B rumockocTs Z = zp coBnagaeT (C TOYHOCTBIO JI0

MHOXHTEJIS) ¢ KOMITIEKCHO-COTPSKEHHBIM JTa3epHbIM mofem E (r ,2):

E.(r,,z,) ~const E(r,,Z,). (1)
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Fig. 3. Photographs of the distribution in the far zone: a — laser radiation, b — 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 3x107%, Therefore the propagation of
the signal wave E(r,, z) =e "¢(r, z) in the (- z) direction can be described by the
parabolic equation

oe i 1
S+—A & +=0(r,2)e =0, 2
2 2k 1&s Zg(L )& (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[EL(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),

S

og, i
——-——A =0 3
a7 2k, 1L 3

(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
fi(r,, 2),i=0,1, 2, ..., satisfying the orthogonality relation at the section z = z, and the
equation that describes the propagation of the complex conjugate field of the laser:

of;

. i
[ 1) fi(nz)dr =5, —t+o-A £ =0, @)
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1 mpag

Puc. 3. ®ororpaduu pacnpeneneHus B JajubHEH 30HE. @ — JIa3ePHOTO W3JIyuYeHHUs; 6 —
paccestHHOTO M3JIy4YeHUsI; 6 — CBETa OTPAKEHHOT'O IJIOCKHM 3€PKajJioM; & — PacCesHHOTO
CBeTa MPH OTCYTCTBUH uiacTuHbl /1. Dotorpaduu moydeHsl Mo METOIUKe paboThI [4]

3/1ech TUIOCKOCTh Z = Zy MEPIECHAUKYIISIpHA CPEIHEMY HAIPaBICHHUIO IMy9YKa M pac-
MOJIO’KeHa BOJIM3M IJIACTUHBI CO CTOPOHBI PacCeMBaroIei KioBeThl. [IpuBenem mo-
JIYKOJIMYECTBEHHbIE COOOPaKCHHUS U TT0JIb3Y BhIOHEHHUS (1).

HetpyaHo nokasarb, 4TO 3aBHCUMOCTBIO OT yTia paccestHus ¢ BETUYUHBI KO-
s punmenTa yCUIeHUsI W PEaKTUBHON COCTABIISIONICH HETMHEHHOW MOISIpH3yeMOo-

CTH TIPH U3MEHEHHH @ B SKcrepuMeHTanbHbX npenenax 0 < 7— 6 < 3-107° moxmo

nperebpedn. [TosToMy pacrpocTpaHerue BoitHb! curaana Eg(r1, z) =e “gs(ry, z) B
HAIpaBJICHUH (—Z) MOYKHO ONHUCHIBATH MapabOIHYECKUM ypaBHEHHEM

o¢ i 1
S+—A =g(r,,2)e, =0, 2
P +2k5 Lgs+zg(J_ )E 2)

rae kodpduunent ycunenust g(ry, Z) B CHIy CKa3aHHOTO BBIILE, ONPEIeIIsIeTCs IPo-
CTO JOKAIBHBIM 3HAUYCHHEM HHTEHCHBHOCTH mons nasepa: §(r., z) = AlE.(ry, 2)]°.
Haubosee cyiiecTBeHHbIH IyHKT PACCMOTPEHHUSI COCTOMT B TOM, 4YTO II0JIE Jia3epa

E (r,,z)=e""g (r,,z) ynoBnerBopseT (B IpeHEOPEKEHUH WICHAMH C YCUICHHEM)
YPaBHEHHIO, KOMILIEKCHO CONPSDKEHHOMY K (2),

—-—A& =0 (3)

(MOXHO TOKa3aTh, 4TO Majoe pasianune kosdduimentoB k' n k' npu monepeu-

HOM JIaIUTacMaHe MOXKHO HE yuHuThIBaTh). PaccMotpum cucremy dynkuwmii fi (1, 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 fi*(rL,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

£(1.,2) = 3.C,(2) (1., 2), ©)
and obtain for the coefficients C(z)
dC,(2) & B
TJFEgagik(z)Ck(z)—oa (6)
0 (2) = AB? [dr | o (1, 2)[ 1,1, 2) (1., 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(ry, z)]* over the cross section (this is precisely the situation in the ex-
periment), the diagonal coefficient go(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 |goil, |9, 1, k = 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 |fo(ry, z)|2 = 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.l. Kovalev for
help with the experiments.
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i=0, 1, 2,..., yIOBICTBOPSIOUIMX COOTHOLIEHHIO OPTOrOHAILHOCTH B CEYECHHUH
Z = Zyp ¥ TOMY K€ YPaBHEHHIO, KOTOPOE OMHCHIBAET PACIPOCTPAHEHUE KOMILIEKCHO-
CONPSDKEHHOTO MOJIA Ja3epa:

. of, i
[ £ 2) i z)dr =65 —L+—-A =0, 4

oz 2k
Torzia COOTHOLICHHE OPTOTOHAIBLHOCTH OyIeT UMETh MECTO B JIOOOM CEUYCHUH Z =
= const. Beibepem ¢yukumio f, (r,,z) coBmanatouieii ¢ moiem nazepa: &, (r,,z) =
=Bf, (r,,z), a ocramsusie Gynkmuu f; (r,,z), i=1, 2, ..., BeIGepeM MpPOH3BONBHO,
UCXOIsl U3 ycioBUsi oproroHanbHocTH (4). IlpencraBnsis mone curHaiga B BHIC

Pa3IOKEHHSI

£(1.,2)= 3.C,(2) (1., 2), ©)

it kKoahurmentos Cj(z) momyuaem
%%ggm(z)q(z) ~o, ©)
0 (2) = AB? [ dr | fo(r,, 2)| £ (r, 2) £ (1., 2). W)

Ms1 He OyaeM oApOOHO MCCIIEA0BATh CBOMCTBA PEIICHU CHCTEMBI ypaBHE-
auit (6)—(7) (3T0 IOKHO COCTABUTH MPEAMET OTAETBHOTO COOOIICHHMS), B OTMETHM
JUb crneayromee. B ciydae, koraa qudpakuus 1a3epHOro MO MPUBOIUT K 3Ha-
YUTETBHBIM KOTeOanuaM BemmanHsl | fo(ry, z)|° mo cedenmio (a MMEHHO TakoBa CH-
Tyalds B 9KCIEPUMEHTE), THaroHaIbHbIA KOAPdUIMeHT goo(z) (KOTOpBIN YCIOBHO
MOYKHO Ha3BaTh KOO(P(PHUIIMEHTOM YCHIIEHHs HyJIeBOH (yHKIuH) B 2-3 pasa Ipe-
BOCXOJIUT BEJUUMHY KOIP(UIMEHTOB ycuiieHust Qii(Z) ATk OCTANbHBIX (YHKIHN H
BEJIMYMHBI HEIUMArOHANBHBIX K03(DdumeHToB |goi|, |Jil, i, K # 0. ITostomy mpen-
CTaBISIeTCs MPaBaonoA00HbIM, uTo amiututyaa Co(Z) Oyaer pactu Haubosee ObICT-
po, 4to u gact Tpedyemoe cooTHomenue (1).

OTMEeTHUM TaKXke, 4TO eCJIM BO30Y)KIaoliee U3JIydeHHEe MMEET MOCTOSHHBIN
10 TOTepeuHoMy cedenuio mpodumb ammmntyast | fo(ry, z)[* = const, To Hukakoro
NPEHMYIIIECTBEHHOTO BOCIIPOM3BEICHHS CUTHAJIOM KOMILJIEKCHO-COMPSKEHHOTO Jia-
3epHOTO (PpOHTA HE JOJKHO MPOUCXOJHUTh. ITO KaYECTBEHHO COIJIACYETCSl C pe-
3yJIbTATOM OIbITa 0€3 TPABJICHOM TIACTHHBI.

Astops! Oarogapusl H.I'. bacoBy 3a BamManwme k pabore u B.M. KoBanmeBy
3a MOMOIIIb B MTPOBEJACHUN YKCIICPUMEHTOB.
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