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PREFACE

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

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

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

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

®> 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. BogonbsiHos?, E.M. [Inaros>, O.H. KpoxmnH*,
A.A. MaHeHkoB®, .. MawnHnu®, U.A. LLjep6akos®

! MHcTuTyT nasepHoit dusmkm CO PAH, HoBocmbupcek

2 CreHdopackuit yHnsepcuteT, CteHdopa, CLUIA

3 Hayu4HbI UeHTp BONOKOHHOM onTukn PAH, MockBa

4 duanyeckunii MHcTUTYT uM. MN.H. Nlebenesa PAH, Mocksa

> UIHCTUTYT obei dusmkm nm. A.M. Mpoxoposa PAH, Mockea

B 2010 r. ncnonHsaetca 50 net co BpeMeHU Co34aHMs NepBOro B Mupe na-
3epa — KBAHTOBOro reHepatopa KOrepeHTHOro OMTUYECKOro M3y4YeHWs, OCHO-
BAHHOMO Ha MCNOJSIb30BaHNMN BbIHYXAEHHOro (MHAYLMPOBAHHOIO) U3/Ty4YeHus aTo-
MOB M pe30HaHCHOM obpaTHoW cBSA3M (pe3oHaTopa). DTo cobbiTMe NpuBENO K
6ypHOMY pasBUTUIO KBAHTOBOM 3/IEKTPOHUKM OMTMYECKOro amvanasoHa. besycnos-
HO, nccnenoBaHms B 06/1aCTM KBAHTOBOW 31eKTpOHMKKM CBY-gmanasoHa noaroTo-
BWW NOYBY AN pacnpOCTPaHEHUs NPUHLMMNOB KBAHTOBOW 3/IEKTPOHUKM Ha OMTU-
YeCKMn AnanasoH — nepexoj OT Masepa K sasepy. DTO npexae BCero OTHOCUTCSH
K TPEM KJ/OYEBbIM KOMIMOHEHTAM KBaHTOBbIX FEHEpPaTOpPOB: aKTMBHas aToMHas
cpefa CoO CTPYKTYpPOW YpOBHEN 3Hepruu, B KOTOPOM MOXeT 6bITb NosyyeHa reHe-
paums M3NyyYeHus B KelaeMOM Auanas3oHe 4acToT, MeToh MoNyyYeHWUs UHBEepCUu
HaceNleHHOCTEN YPOBHEN M 3NeKTpoaMHaMMyeckas CMCTeMa, B KOTOPOM MPOMCXO-
OVT B3aUMOAENCTBME U3/TYUYEHUSI C aKTUBHOW Cpeaon.

B cBa3n ¢ 50-neTtHuM obuneem nasepa B MMpe MposABASETCA MOBbILWEHHbIN
MHTepeC K UCTOPUM KBAHTOBOM 3NEKTPOHWMKWU. DTOT creuunasnbHbli NPOEKT XypHa-
noe «KesaHTOBass dnekTpoHuka» n «Tpyabl NO®AH» coaepXuT paHHWE MUoHep-
CKne paboTbl COBETCKMX aBTOPOB, KOTOpble OKasanu CylecTBEHHOe BAUSIHME Ha
CTaHOB/IEHME N pa3BMTUE NA3epOB M KBAHTOBOW 3NEeKTPOHWUKWN. Takas penpuHTHas
nybnunkaumsa paHHux paboT 6yaeT nonesHa Kak pPyCCKOS3bIYHbIM, TaK W aHrnos-
3bl4YHbIM YnTaTensMm, ocobeHHO NocneaHMM, NOCKOAbKY psig paboT paHee He nyb6-
JIMKOBAJICA Ha aHIMTMMNCKOM A3blKe M NO3TOMY 6bin TpyaHo aoctyneH BHe CCCP.

OTbupasa ctatbm ANa nepeusgaHusl, Mbl UCXOAWAMN U3 ABYX OCHOBHbIX Kpu-
Tepues: NMpUHUMNNANBHOW, C HaWel TOYKW 3peHUs, BaXXHOCTU paboTbl n ee npu-
OpUTETHOCTM B MWPOBOM nuTepaType. Kpome TOro, ncxoas w3 npepenbHoro no-
nyctmmoro obbema paHHOro cb6opHMKa, Mbl 6blIM BbIHYXAEHbl OrpaHUYNTbLCS
Konm4yectBoM paboT (B COOPHMK BK/OYEHbl 24 cTaTbM) M AaTaMu UX MNepBOHa-
yanbHbiX nybnmkaumii (4o 1972 r.). Mbl TakxXe BK/IHOYUAN BbIAEPXKKY U3 AOKTOP-
ckon pgucceptaummn B.A. ®abpukanta 1939 r., onybnukoBaHHoM B 1940 r., rae
aHann3npyrTCs yCrioBus Ansa HabnwoaeHnsa «oTpuuaTtenbHoi abcopbumn» B raso-
BOM paspsiae.

Bce cTtatbn B 3TOM BbIMyCKe BOCNPOU3BEAEHbI NpakKTUYeCKn B TOM BUAE, B
KakOM OHW nepBOHavasibHO nNybnnkoBanucb. Mbl cunTaem HeobxoAuMbIM 3apaHee
MPUHECTN CBOU U3BMHEHMS HALUMM KoOJiJieraM, 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 BCNeaACTBME OrpaHNYeHHOro 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 Ny and N; are populations of the upper and lower
states correspondingly, and g« and g; are their statistical weights.

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

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

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

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

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

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

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

where A4 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. ®abpunkaHT

Bbiaepxka (cTp. 273-274) u3 AOKTOpCcKoli ancceptaummn B.A. ®abpukaHta 1939 r., koTopas
6blna onybnukoBaHa B 1940 r., rae OH ykasblBaeT Ha TO, YTO MHBEPCUSI HaceNneHHOCTeWn
[OJIKHA MPUBOANTb K YCUIEHUIO CBETOBBIX BOJIH, W MpeasiaraeT Ucnosib3oBaHue coyaapeHui
BTOpPOro poja Ans co3AaHus 3TON uHBepcuu. 3paecb Ni u N; — 3aceneHHOCTU BEPXHero u
HWXKHEro ypoBHEN COOTBETCTBEHHO; Gk U g; — WX CTaTUCTUYECKMe Beca.

Hacrosimuii pa3zjien MocBsImeH KPaTKOMY PacCMOTPEHHIO B CBETE W3JI0XKEH-
HBIX BBIIIE COOOpaKEHUI TEOPHUHU IKCIIEPUMEHTOB, JOKA3bIBAIONINX CYIIECTBOBAHHE
OTpHLIATENLHOM a0CcopOIMH (MM, YTO TO K€, OTPULIATENILHOMN TUCTIEPCHH).

Ecnu xoHneHTpaius BO30YK/IEHHBIX aTOMOB HE 3aBHCHUT OT OCBEIIEHHS, TO
KOJIMYECTBO MOTJIOLICHHOW B OECKOHEYHO TOHKOM CJIO€ SHEpruu OyAeT mporop-
qUOHaNbHO 1—(N;/N;)(g;/gr), TAe BTOPOH YIeH KaK pa3 COOTBETCTBYET OTPHULIATENb-
HOU abcopOimu. [TornoneHne yMEeHbIIAeTCs 33 CUET YBEIUUCHHS YHCIa aKTOB HC-
MYCKaHUsI, BRI3BAHHBIX OTPHUIIATEILHON abcopOIHei.

Ecnu koHmeHTpaiys Bo30yKICHHBIX aTOMOB 3aBHCHT OT OCBEICHHUS, TO BO-
MPOC 3HAYUTENHHO YCIOXKHASTCS.

Ha miepBbIii B3MIIs1/T MOYKET ITOKA3aThCS, YTO B OTCYTCTBHH TYIICHUS OTPHUIIATEIb-
Hast abcopOuus BooOIe HUKaK HE CKaXeTcs.. Belb CcyllecTBOBaHHE OTpUIIATEIBHON
a0copOIMK SKBUBATICHTHO YBEJIMYECHUIO BEPOSITHOCTH UCITYCKAaHHS, HO €CJIH HET TyIIIe-
HHS1, TO BEPOSTHOCTD MCITyCKAHMS HUKAK HE BIIMSIET HA MHTCHCUBHOCTD U3y YCHHUSI.

[MTocnenHee COBEPIICHHO CIPABEIUIMBO JUIS TOJHOTO MOTOKA U3TyYSHHUs, UC-
MyCKaeMoro mo BceM HampasieHusM. OIHaKO B HAIllpaBJICHHU NaJaloLIero Mydka
Omaromapsi HarpaBJICHHOCTH aKTOB OTPHIATENLHONH a0COPOIMU JOHKHO HaOJIro-
JIAThCS YBEIMUYCHUE WHTCHCUBHOCTH. 3a CUET OTPHUIIATENBHONW a0COpOIUU POU30ii-
JIeT mepepacnpeiesieHue U3TydeHns Mo yriaM. Hamuuue TylieHHus TOJIbKO YBEIH-
guT 3¢ dekt. [ToaToMy HE0OXOaUMO yKa3aTh, UYTO, pacCMaTpPHBas pPaHEE ATOT JKe
BOIPOC, MbI TIEPEOIICHUBAIHA POJIb TYIICHHSI.

HerpynHo mokas3ark, 4TO NMpH HATMYHM TYIICHUS TOMpPaBKa, BHI3BAHHAS OT-
pHLaTeNsHON abcopOImeH, OyIeT BBITISACTh TaK:

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

* B.A. ®abpukaHT. MexaHu3M U3y4YeHus rasoBoro paspsaga. Tpydbl Bcecow3Horo siekTpo-
TexHmn4yeckoro nHctnutyra. 1940. Boin. 41. C. 236-296.



V.A. Fabrikant

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

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

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

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

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

rae A, — BepOSTHOCTH WCIyCKaHHs yBEIMYCHHUs Oiarogaps OTPHIATENbHON a0-

copOInu; B — BEpOSATHOCTH TYIICHUS, @ — TEIECHBIA YTOJI, 3aXBaThIBAEMBIN TIPH-
E€MHUKOM H3ITy4eHUsI.

[IpuBeneHHOE COOTHOIICHHUE TTOKA3bIBAET, YTO JJISl SKCIIEPUMEHTAILHOTO 00-
HapyXCHUs OTPHUIATEIBLHOW a0COPOLMU HYXKHO MPEXKIE BCEro CO3/1aTh YCIIOBHS,
MPH KOTOPBIX @ Majo; TaKUE YCIOBUS OCIA0ST TakkKe BIMSHUC (DIyOpecleHIIMU
paspsina. braronpusTHEIM yCIIOBHEM JJisi HAONIOICHUS OTPULIATEIIEHON a0CcopOIuu
SIBJIIETCS OOJIbIIIAas BETUYMHA B, T.€. CUIILHOE TYyIICHHE.

Jamee mias mpsMOTo JOKa3aTelbCTBa CYIIECTBOBAHUSA OTPHUIIATEIHHON ab-
COpOIMHU JKeNaTeNbHO OBUIO OBl MONYYHTH JUIS YKAa3aHHOUM TONPaBKH BEIHYWHY,
OoJIBIIYI0 eAUHHLBL. J{J1s 5TOro Hy»HO, 4T00bI N;/N; NIpEeBIIAN0 OTHOLIEHHE CTa-
THUCTHUYECKUX BECOB g; /Gy

[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 JIMHWUU YBEJIMYCHHUA TOKA, 3[/€Ch MaKCUMAJIbHOC OTHOLICHUEC
KOHIIEHTpaIy OyeT 0OJbIIMAaHOBCKUM, T.€. Hy’)KHOE HaM HEPaBEHCTBO HE BO3HUKALT.

Hawm kaxercsi, 94T0 peajbHbIM, HO TPYAHBIM IIyTEM JJIsl IOJTyYCHHUS HY KHBIX yC-
JIOBUH SIBIISICTCS MICTIOJB30BAHKUE OISATh-TAKH MOJICKYJIIPHBIX TIPUMECEH Ui n3oupa-
TENFHOTO pa3pyIlIeHrs] HIKHUX ypoBHel. Kak m3BecTHO, 31ech HaOIMIOMAOTCS TpU
yZAapax BTOPOTO Poja IOCTaTOYHO pe3Kue pe3oHaHCHbIe 3(dekTsr. Hemsbexnoe npu
3TOM TYIIEHHE H3IIy4eHHs, KaK MMOKa3aHO ObUIO BBIMIE, TAKXKE SBISETCS IOJIE3HBIM.
Pacuer ycnoBHii SKCIIEpUMEHTOB MOXKET OBITH MPOM3BEICH TeM ke MeTomoM Pocce-
JIeH/1a, KOTOPBIA OBLT HCIIOIh30BaH MPHY BBIBOJIE OTHOIIEHUS aTOMHBIX KOHIICHTPAITHA.

HpI/I TaKUX ISKCIICPUMCHTAaX MbI MOJYUYUM MHTCHCHUBHOCTL BBIXOIANIETO W3-
JIydeHUs! OOJIBIIYI0, YeM TaaloIiero, ¥ MOKHO ObUIO ObI TOBOPUTH O MPSIMOM DKC-
MEPUMEHTAILHOM JIOKa3aTeILCTBE 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
~102mm 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 =1/27xt =8 kHz, (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.

12



NMpuMeHeHne MOJIEKYIIPHbIX NYYKOB
ANA paANOCNEeKTPOCKONMUYECKOro u3yyeHus
BpaljaTesibHbIX CMEeKTPOB MoJiekyn®

H.r. bacos, A.M. NMpoxopos

dusmyeckunit MHCTUTYT uM. N.H. JlebeneBa Akagemun Hayk CCCP
MocTtynuno B pegakumio 19 aHeaps 1954 r.

Pa3zo0panbl METOIBI UCTOIB30BAHUS MOJIEKYJISIPHBIX ITYYKOB JUISl WCCIICIOBAHUS
BpaIaTeNbHBIX CIEKTPOB MOJIEKYIL. [IpiMeHeHne MOJEKyISIPHBIX ITyYKOB TTO3BOJIS-
€T MOJIyYaTh y3KUE CIEKTPAIbHBIC JUHUU C IUPUHON ~7 K[l U AaeT BO3MOKHOCTh
M3y4aTh BpallaTelIbHBIE CIEKTPHI BEIIECTB, KOTOPHIE MPH HOPMAIBHBIX YCIOBHUSIX
HAXOMSTCS B TBEPJIOM COCTOSTHHH.

BBegenne

Bonpmmm orpaHnveHreM MpUMEHEHHS PaJrioCIEeKTPOCKOTMYECKOTO METO/Ia
JUTSL WICCIIEIOBAHMS BpAIIaTEIbHBIX CIIEKTPOB MOJIEKYJ SBJISETCS TO, YTO Bpala-
TEIBHBIMH CIEKTPaMHU 00JIaIal0T TOJIBKO BEINECTBA, HAXOAAIINECS B ra3000pa3HOM
cocrosiHuM. [IpakTHyecKu HEOOXOAUMO MMETh JaBJICHHE MapOB MCCIICAYEMOro Be-
mtectBa ~107> MM PT. CT., TaK Kak IpH GoJee HU3KUX NABICHUIX YMEHBIIACTCS WH-
TEHCUBHOCTH JIMHUH. Takum 00pazom, Il icCaeI0BaHMs BpallaTeIbHBIX CIIEKTPOB
TBEPJABIX IMPH HOPMAJIBHBIX YCIOBHSX BEIIECTB HEOOXOTUMO HAarpeBaTh IMOTIIO-
HIAFOIYIO STYEHKy CIEKTPOCKOMA 10 TaKOW TeMIIepaTyphl, IpU KOTOPOH yIpyTrocTh
MapoB HCCIEIYEeMOro BelllecTBa JocTuraeT AaBieHus ~10 mwm pt. cT. Takol myTh
WCCIIEZIOBAHUS BEIET K MOTEpe pa3pellaromieil CHIIbl paauoCIeKTPOCKONa, TaK Kak
HarpeBaHue BEIIECTBA BEACT K PACIIMPSHHUIO CIIEKTPAIbHBIX JTUHUM U3-3a 3ddekTa
Jomepa u coyapeHuid MOJIEKYJ CO CTEHKaMH TOTJIONIAtoIen SYelKu.

Crnemyer OTMETHTH, YTO HCCIIEAOBAHHWE TBEPABIX COCAMHEHHU MpPEACTaBISIET
0COOBIf MHTEPEC, TaK KaK Ui MHOTHX AJIEMEHTOB HEM3BECTHO JIOCTATOYHO MPOCTHIX
ra3000pa3HbIX COCIUHEHUM, 00JIQIal0NIUX TUMOJIEHBIMA MOMEHTAMH. BOJIBITMHCTBO
K€ TBEP/IBIX HOHHBIX COCTUHCHUI UMEIOT OOJIBIINE JUITOIBHBIC MOMEHTHI, T.€. MOTYT
OBITH HCCIEIOBAHBI PANIUOCTIEKTPOCKONMYECKUM METOooM. Hampumep, mms aiie-
MEHTOB TPYIIBI PEIKUX 3€MENTb HEM3BECTHBI ra3000pa3Hble COEAMHEHUS, TIPH TI0-
MOIIY KOTOPBIX MOXKHO OBLIO OBI OMIPENENUTh SAePHbIE MOMEHTHI ITHX 3JIEMEHTOB.

[[IuprHa ceKTpaIbHBIX JTUHHUA MOKET OBITh CYIIECTBEHHO YMEHBIIICHA, €CITH
HAOJI0aTh MOTJIONIEHIE MUKPOBOJH HE B Ta3e, KaK 3TO JIENAETCs B PAAUOCICKTPO-
CKOIax, a B MoJieKyJsipHOM myuke. [[lupuHa TUHUN «MOHOXPOMATHYECKOTO» IO
CKOPOCTSIM MOJIEKYJISIPHOTO Iy4Ka OINpeAessieTcs BpEeMEHEM IIpoJieTa MOJEKYJ B
MoJie MUKPOBOJIHOBOTO WM3ITydeHHUs. Hampumep, ecnu IyiMHA TpoJieTa MOJEKYN B
moJie paBHa 1 cM M CKOpOCTh MoJiekya paBHa 500 M/cek, TO MOIYIIMPUHA JTHHUH
MONTy4aeTCsl paBHOU

#K3T®. 1954. T. 27, Bbin. 4(10). C. 431-438.
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N.G. Basov and A.M. Prokhorov

As far as the velocities of molecules in the beam are different, it seems that
the Doppler broadening should be also taken into account in the beam. The Doppler
broadening of lines in the “velocity-nonmonochromatic” beam can be eliminated
by exciting the types of waves in a cavity or a waveguide for which the phase ve-
locity in the propagation direction of the beam is infinite. This follows from the fact
that the frequency shift, as can be shown, is determined by the ratio of the velocity
of molecules 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 =Yn<va, (2)

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

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

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

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

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

N, =N, g exp{—EJ/kT} <. exp{—Ev/kT}
Qrt Qvib

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

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

, 4)

Now =g (N——N—]zN’“—‘” 5)
gy 8+ kT

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

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

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

IZie T— BpEMs MPOJIETa MOJIEKYJI B MOJIE HU3ITYyUEHUSI.

BBuay TOro 4TO CKOPOCTH MOJEKYJ B Iy4KEe HE OJWHAKOBBI, Ka3aJoCh OBbI,
YTO HEOOXOJMMO B ITyYKe TaK)K€ yUUTHIBATh U JOMJIEPOBCKOe pacmupenue. OT mo-
IUIEPOBCKOIO PacIIMpEeHUsl JUHUA B HEMOHOXPOMATUYECKOM II0 CKOPOCTSM ITy4Ke
MOJIEKYJI MOXKHO M30aBHUTBCS, €CIM B OOBEMHOM PE30HATOPE MM BOJHOBOJE BO3-
Oy»KIaTh Takue THUIbI BOJH, Y KOTOPBIX (ha30Basg CKOPOCTH B HAIIPABJICHUH PACIIPO-
CTpaHEHUS NyYKa paBHA OECKOHEYHOCTH. DTO BBITEKAET U3 TOTO, YTO CMEILEHHE
94acTOTHI, KaK MOYKHO IOKa3aTbh, OINpPENENIeTCs OTHOLIEHHEM CKOPOCTH MOJIEKYJ
myuka K ha30BOi CKOPOCTH BOJIH B HANPABJICHHH PACTIPOCTPAHEHHS TTyUKa .

1. MoJiekyJsIpHBI My40K

YuCIIo MOJIEKYJ, BBUIETAIONIMX M3 IIEIH UCTOYHHKA MOJIEKYJISIPHOTO ITy4Ka B
OJIHy CEKYH/LY, PABHO
N=Yn<va, (2)

rae v =+/8kT/7M ecTh CpemHss CKOPOCTh MOJIEKYJ IMydYKa; # — IJIOTHOCTH MOJIE-

KyJ BHYTPH HCTOYHHMKA MOJEKYJSIPHOTO IYy4Ka; @ — IUIOIIAJb IIEIHd HCTOYHMKA;
M — Macca MOJNEKyIIblI.

Uucno Mosiekyn Mmydka, MaJaloliiXx HOPMaJlbHO Ha IJIOUIa/Ab S B Hampasie-
HUY, IEPIEHIUKYJIIPHOM TUIOCKOCTH ILEIH UCTOYHHKA, PAaBHO

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

T7e ¥ — PacCTOSIHUE MEXKTy TUIOIMIAILI0 S U IMETbI0 HCTOYHUKA.

W3 sToro umcia MoyeKysl Ha BpallaTeIbHOM YPOBHE, XapaKTepU3yeMOM
KBaHTOBBIM YHCJIOM BpalaTeIbHOrO MOMEHTa J W KOJeOaTeIhbHBIM KBAaHTOBHIM
YHUCIIOM ¥, HAXOAUTCS CIEAYIOIIEe YUCIO MOJICKYII:

N, =N, g exp{—EJ/kT} 2. exp{—Ev/kT}
QBp onn

rae EJ —_— BpaI_L[aTeJ'ILHaSI 3HepFI/I$1 MOHeKyJ'H)I; gJ —_— CTaTI/ICTI/IquKI/II‘/'I BEC BpaI_L[a—
TCJIBbHOT'O COCTOAHUA, QBP —_— Bpa]l[aTeHLHafI CTaTUCTHUUYCCKAasA CyMMa; E’IJ —_— KOHe6a-
TCJIbHAaA 3HeprI/I$I MOHeKyJ'IBI; g’U — CTaTI/ICTI/IquKI/Iﬁ BEC KOHC63TCHLHOFO COCTOMA-

HUA, QKOH — KOJ‘[e6aTeJ'H)Ha$I CTaTUCTHUUYECCKAasA CyMMa.
[Ipu MpoMyCKaHWHU Ty4Ka MOJEKYJ 4epe3 BBHICOKOYACTOTHOE IOJIE YaCTOTHI
v=(E+1—E;)/h B IOIIOMEHUA SHEPTHHU TIPUHUMAET YYaCTHE YKCIIO MOJIEKYJI, pPABHOE
Npo =gy | Yo Nowto ) oy V. 5)

g g kT

, 4)

[ocenHee paBEHCTBO NMEET MECTO TIOTOMY, UTO JUISI MUKPOBOJTHOBOM o0yacTH hv < kT.
Takum 00pa3om, BCICICTBUE MOUTH OJMHAKOBOW HACEIICHHOCTH BpAIlaTeNlb-
HbIX YpoBHeH E; 1 E |, B IOTJIOIIEHUH MUKPOBOJIHOBON S3HEPTUM TPUHUMAET y4a-

! Cnepyet 3aMeTUTb, YTO AOMIEPOBCKOE PACLUMPEHME JIMHUIA MOMIEKYS ra3a, 3anosHAWero
06BbEMHbBIN pe30HaTop MAW BOSTHOBOA, PaBHO AOMNJEPOBCKOMY 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 » under the action of
radiation for the time 7 is determined by the expression [2]

W =1-e"", (6)
where

y =87 p() | 30 (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 7 of beam molecules in the high-frequency field. The residence time of mo-

2 Note that the gas-kinetic collision parameter of molecules is smaller than the microwave
collision diameter.
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ctre JuIb Av/kT 4acTh MOJIEKYNl OT IOJHOTO YHUCIIa MOJEKYJ, HaXOJAIIUXCs Ha
ypoBHE Ej,. Monekyibl, KOTOpbIE MPUHUMAIOT YYacTHE B MOTJIOMIEHUH 3HEPTHH,
MBI Oy/ieM B JalbHEHIIeM Ha3bIBaTh AKTUBHBIMH MOJICKYJIaMHU.

Bcnenctue TOro 4ro MoJEKyJbl B MOJIEKYJISIPHOM IyYKe HE B3aUMOICUCT-
BYIOT, HapyIICHHE PAaCHpPEACICHUS] MOJICKYJI IO SHEPTeTHYECKUM YPOBHSIM HE BOC-
CTaHABJIMBACTCA. JTO JaeT BO3MOXKHOCTH YBEJIHYHMTH YHCIO aKTHBHBIX MOJEKYIL,
NPOU3BOS UX COPTUPOBKY 11O BpalaTelIbHBIM COCTOSIHUAM. COPTHPOBKY MOJIEKYJI
[0 Pa3IMYHBIM BPalIaTelIbHBIM COCTOSHHSM MOXKHO TONYYHTh, €CIH MPOITyCKAaTh
MOJIEKYJISIPHBII Iy4OK 4Yepe3 HEOAHOPOIHOE 3JIEKTPHUUECKOE MOJE C TPaJglueHTOM
MOJIsI, HAIIPABJICHHBIM TIEPIICHANKYJISIPHO HATPABJICHUIO PACTIPOCTPAHEHHS ITyYKa.
bnaronapst Tomy uTo mpoekuus 3¢pQGEeKTUBHOIO TUIOIBHOTO MOMEHTA Ha Halpas-
JIEHWE BHEIIHETO TMOJIsl 3aBUCUT OT KBAHTOBOTO YHCIA J U €ro NMPOEeKIMH Ha BHEI-
Hee nojie M, MOJIeKyJIbl, HaXOJsIIUecs B Pa3lINYHbIX BpaIaTeIbHBIX COCTOSHHUSAX,
OTKJIOHSIFOTCSI HEOJTHOPOJHBIM 3JIEKTPUUYECKUM IOJIEM TMO-pa3sHOMY, a CJIe0BATEb-
HO, MOKHO BBIACIHUTH MOJICKYJIbI, HAXOSIIUECS B ONPEICIICHHOM BpallaTeJbHOM
COCTOSIHMM. Takoi METOA COPTUPOBKH NPUMEHSETCA B PE30HAHCHOM METOJE MOJe-
KyJSpHBIX My4ykoB [1]. IlpumeHeHne copTUPOBKH MOJIEKYJT 1a€T BO3MOXKHOCTh yBe-
JUYATH YACIO aKTUBHBIX MOJEKYT B ~k7/hv pas.

MakcuManbHas TJIOTHOCTh MOJIEKYJ B IIy4Ke OMNpenensieTcs W3 YyCIOBUS,
4yTOOBI 32 BpEeMs IPOJIeTa MOJIEKYJIaMU BBICOKOYACTOTHOTO MOJIS U3JIyUCHUS HE ObI-
JIO CTOJIKHOBEHHH MEXAY MOJEKYJIaMHu IMy4ka. MOXHO MOKa3aTh, YTO JJUHA CBO-
6omHOTO TIpobOEera MOJIEKYIN B ITyYKe NMPHUMEPHO paBHA JUIMHE CBOOOIHOTO IMpodera
MOJIEKYJI B T'a3e, eCJIM IUIOTHOCTh MOJIEKYJ ra3a paBHa INIOTHOCTH MOJIEKYJI ITyUKa.
IIpn npuMeHeHHH COPTHPOBKU MOJIEKYJ IO BpalaTelIbHBIM COCTOSHHUSIM MaKCH-
MaJlbHasl IIIOTHOCTH ITy4YKa ONPEeNsieTcsl U3 yCIOBUs, YTOOBI He ObLIO COyIapeHHi
MEXIY MOJIEKYJIaMH IIPH MPOJIeTe MOCIEAHUX B COPTUPYIOLIEM IEKTPUIECKOM I10-
JIe U B TIOJI€ M3IIY4YEHHUS .

2. YyBCTBUTEJIBHOCTDH CIHIEKTPOCKONA

UyBCTBUTENBHOCTh CIHEKTPOCKONA OMPENEISETCS YPOBHEM IIYMOB KpH-
CTAJUNTMYECKOTO JIETEKTOPa, MPHU MOMOIIH KOTOPOTO OOHAPYKMBACTCS MOTIIONICHNE
SHEPruu MOJEKylaMH ra3a. Tak Kak MpPU MajblX MOLIHOCTSX LIYyMbl KpUCTaia
MaJl0 MEHSIIOTCSI C U3BMEHEHUEM MOIIHOCTH, Majaroleld Ha KPUCTall, TO YyBCTBHU-
TEIBHOCTh CIIEKTPOCKONA PAaCcTeT C YBEIMYCHHEM aOCOJIFOTHOW BEITUYMHBI TOTIIO-
LIEHHONW MOJIEKYJIaMU MOIIHOCTH. BeanunHa MorjioimeHHOW MOJIEKyIaMH MOIIHO-
CTU MPONOPIUOHATIEHA MOILIHOCTH BBICOKOYACTOTHOIO HM3IY4YEHHS, YEpe3 KOTOpoe
MPOJIETACT MOJICKYJISIPHBIN MyYOK, €CIM HET 3 eKTa HACBIIICHHS.

OnpenenuM ONTUMAJIbHYIO BEJIWYUHY MOIIHOCTH BBICOKOYACTOTHOTO H3IIy4e-
HUsl. BeposTHOCTh nepexojia MOJIEKYJ U3 COCTOSIHUS 7 B COCTOSIHUE 1 TOJ| AEHCT-
BUEM H3JIy4eHHs 3a BpeMs T onpeaensercs Gopmymoi [2]:

Wy =1-e"7, (6)
rue
™ =87 p(v) | [307(Av), (7)

2 CneayeT OTMETUTb, YTO FA30KMHETUYECKMIA AMaMeTp COyAapeHuii MoeKy sl MeHbLLE MUKPO-
BOJ/IHOBOrO ANaMeTpa coyaapeHuit.
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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 <=, the saturation effect appears at which the spectral
linewidth is determined not by the time of flight z but by the lifetime y of molecules
in the specified state.

If y> 1, 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 pon(v) is determined by the equality

y=r. 8)
Taking (7) and (1) into account, we obtain from (8)
Pon (V) =307(AVY? [ . ©)

For the radiation field density pon(v), the beam molecules will absorb the
energy
E =0.43N, hv. (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 p.,(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 PnoisePa (11)
where P, is the power noise.
The noise power of the superheterodyne with the passband Af'is
Broise = 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 Ox axis, the funda-
mental wave being excited (Fig. 1).

3 Note that for 7 = y the line will broaden up to Av'=Av+/2.
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p(V) — IJIOTHOCTH PHEPTHH W3IYUYEHUS BBICOKOYACTHOTO TOJIS; AV — MOMYIIHPHUHA
CIIEKTPATBLHOM JIMHUK; f4, — MATPUUYHBIN SJIEMEHT TUIOJILHOTO MOMEHTA MOJICKYJIBI.

Bpems npeGbIBaHHMSI MOJIEKYJI B IIOJI€ W3IYYEHUs ONpPEAEIseTCs] BEIMIHMHON
T — BPEMEHEM IIpoJieTa MOJIEKYJIaMH ITy4Ka BBICOKOYACTOTHOTO mmouisl. Bpems mpe-
ObIBaHUS MOJICKYJI B 33/IaHHOM COCTOSIHUM OTIPENeNsieTCsl BETMUMHON Y, CBSI3aHHON
C TWIOTHOCTBIO MoJIs u3nydenus p(v). Ecnu y < 7, To HactynaeT 3G ¢GeKT HACHIIIECHNS,
MpU KOTOPOM HIMPHHY CIEKTPaJIbHOM JIMHUK OyJIeT ONpeAessaTh He BpeMsl IpoJieTa
7, @ BpeMs )KU3HU MOJIEKYJI B 3a/IaHHOM COCTOSTHHH, T.€. ).

Ecmu y > 7, To 3a Bpems mposieTa depe3 BBICOKOYACTOTHOE MOJIE HE BCE aK-
TUBHbBIC MOJIEKYJIBI IPUMYT y4acTUE B MOIJIOLIEHUH 3Heprun. OnrumanbHOe 3Haue-
HHUE BEJIMYHMHEI p(V) clleayeT OpaTh Takoe, IPU KOTOPOM T = y; IPU 3TOM B IOTJIO-
IEHUY IPUMYT ydacTue 43 % aKTHBHBIX MOJICKYIT .

MaxkcuManbHO BO3MOXKHOE 3HAUCHHE MOIVIOLIEHHONW YHEPTUH IOJIydUTCs, KO-
TJIa MOJIOBHHA aKTUBHBIX MOJIEKYJ IEPEHIET U3 HUXKHETO COCTOSIHUSI B BEpXHEe.

Wtak, onTUManbHas INIOTHOCTD U3TYUYCHUS Po,(V) OTpeensercs

y=rt. (8)
Ortcrona, yuutsiBas (7) u (1), nomyuum
Poms (V) =30 (AV)* [z . )
[Ipy IIIOTHOCTH MOTIS Popy(V) MOJIEKYIIBI ITyUYKa HOIJIOTAT SHEPTUIO, PABHYIO
E o =0,43N,, hv. (10)

CrnemyeT 3aMeTHTh, YTO Por:(V) VIS IEPEXO0J0B MEXIY YPOBHSMHU C 3aJlaHHBIMU J
3aBUCHUT TaK)Xe OT M, TOATOMY B Ka9€CTBE pPon:(V) ClemyeT OpaTh HEKOTOPOE CPe-
Hee 3HAYCHHE M3 ONTUMANIBHBIX 3HAUCHUN IS Ka)KI0M 36€MaHOBCKOM KOMIIOHCHTHI.
[InoTHOCTE BHEprum p(v) B cilydae MPUMEHEHUS MOJIEKYJSIPHBIX ITyYKOB
MOJTy9JaeTcsl 3HAUMTEITLHO MEHBIIEH IJIOTHOCTH DHEPTHH B OOBIYHBIX PaIAOCIIEK-
TPOCKOMAX, TaK KaK B CIIy4ae ITy4KOB IMOJy4aroTcs 6osee y3kue JuHuH. Jlerko mo-
Ka3aTh, YTO MPU MaJbIX 3HAYCHUSX NTOTOKA YPHEPTUH MIPUMEHEHHUE CYNEePreTepOInH-
HOT'O MPUEMHUKA a€T HECOMHEHHOE MPEUMYIIECTBO M0 YyBCTBUTEIBHOCTH. Eciu
MIOTOK MOIIIHOCTH paBeH P, TO MHUHHMAaJIbHOE OOHApPYKHBAEMOE M3MECHECHHE MOIII-
HOCTHU Ha (pOHE IIyMOB IIPY NPUMEHEHHUH CYTIePreTePOAMHHOTO MPUESMHHUKA PABHO

AP=2.[P, P (11)

mym* >

rje Py — MOIIHOCTB LITyMOB.
BenmunHa MOIIHOCTH IIIYMOB JUIsl CYTIEPIeTEPOANHHOTO MPUEMHHUKA C TI0JIO-
coli mportyckanusi Af paBHa
P =FkT Af, (12)

ym

rine F'— mym-dakrop nprueMHHUKa.
PaccmoTpumM paznuuHble BapuaHTHl NPUMEHEHHS MOJEKYJISIPHBIX MYYKOB
JUISL N3yYCeHUS BPAIIaTeIIbHBIX CHEKTPOB MOJIEKYI.

3 CneayeT MMeTb B BUAY, YTO NPU 7 =y JINHUA PaCLUMPUTCS A0 AV = A2,
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According to (9), the optimal power of the energy flux is
Py ={30%c(AvY’ [An|u) [ | bd, (13)

here c is the speed of light.

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

v.<c/rrvoN2zin2. (14)

Therefore, the allowable divergence angle of molecules in the beam will be
tga <v,/v=c/mvb\27In2. (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
Ny = PKN,;,—, 16
«=PKN, T (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
E2
Pnoise <— 18
4P, (18)

opt

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

/ ! /
"/ /y o ; p—

Fig. 1 Fig. 2
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3. CnekTpocKon ¢ BOJTHOBOIHOM Morjiomawuei syeiikoi

[TycTh 3MeKTPOMArHUTHOE U3NYUYCHUE PACTIPOCTpaHseTcs B0k ocu Ox, mpu-
4eM BO30YIKIaeTcsi OCHOBHAs BOJHA (puc. 1).

OnrtumanbsHast MOIITHOCT TIOTOKA SHEPTUH, cornacHo (9), paBHa

P = {312c(AV) [4r|u)' P b, (13)
T/ie ¢ — CKOPOCTb CBETA.

Ecnu yepe3 Takoil BOTHOBOJ MPOIMYCKaTh MMyYOK MOJIEKYJ MapayljieIbHO OCH
0y, TO IOIJIEPOBCKOE PACIIUPEHUE CIIEKTPAIbHBIX JIMHUN OyAET OTCYTCTBOBAaTh, TaK
Kak (pa3oBasi CKOPOCTh PaCIpOCTPAHEHUS OCHOBHOM BOJIHBI B 3TOM HalpaBlIeHHN
paBHa OeckoHeuHOCTH. Eciu ncrnonp3yercst pacXoAsIIuiics: My4oK MOJIEKYJI, TO He-
00X0/IMMO, YTOOBI JIOIJIEPOBCKOE pacIIUpEeHHEe U3-3a HAIMYUST KOMIIOHEHTBI CKOPO-
CTH MOJIEKYJT ¥y JaBaJio OBl JOTUIEPOBCKYIO IMUPUHY JIMHUH, MEHBIIYIO, YeM ITHUPH-
Ha JIMHWY, CBs3aHHAs CO BPEMEHEM MPOJIeTa MOJIEKYJIaMH ITOJISl H3ITyYeHHUs, T.€.

v,<c/mrvoN2zin2. (14)

Cre10BaTesIbHO, JOMYCTUMBIH yroJl pa3ieTa MOJIeKyJl mydka OyeT
tga <v,/v=c/mvybN27In2. (15)

Bripaxenue (15) nokas3siBaeT, uTo JJIsl HAONIOJCHUS BpalaTeIbHBIX JTMHUAN
MOJKET OBITh HCIIOJIb30BaHa TOJHKO YacTh MOJICKYJI, BEUICTAIOIIUX U3 IIEIH UCTOY-
HHKA ITyYKa.

Ecnu B ucrounuke umeercsi K BEpTUKaIbHBIX 1IEJIEW TUIOIIAAU d, TO YEpe3
BOJIHOBO/JI OyI€T IIPOJICTaTh CACAYIOIICe YHCIO aKTUBHBIX MOJICKYJI:

hv
N, = BKN,, —, 16
s o (16)

rae [ ecTh Kod(pPHUITMEHT UCIOIB30BAHMUSI MOJICKYJIIPHOTO ITy4YKa, OTPEaSISIeMBIN
BEIpaxkeHrneM (15) u reomeTprell yCTaHOBKH.
KomuuectBo 3HEprum, noriomaeMoe 3TUMH MoJieKynamu, coriacHo (10), paBHo

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

[yt TOro YTOOBI 3TO MOTJIONIEHUE SHEPTUH MOTJIO OBITH 0OHAPYKEHO, HEOOXOANMO,
cornacHo (11), BeIMOIHEHUE YCIOBUS

Bogw <——. (18)

Benwuuna P, onpenensercs (13).

Az
/ I

| ITydoxk

70 D

x -~
/ d S

/ N/ =

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 = 10~ cn?’,
b=d=1cm, n=10", |x5|=% 5, po="7.3x10""* CGSE, v = 17700 MHz, T=850°C,
F =40, and Af=0.1 Hz. Then, Av=7kHz, E=3x10"W, P=5x10"° W, Pygisc =
=2x107* W, and APy, = 63107 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 Hy;,
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 v, and v, should be smaller than the time-of-flight linewidth of mole-
cules in the cavity, i.e.

v, =\|v; +v; <c/mrvyV2rin2. (19)

Therefore, the allowable beam divergence angle is determined by the condition
tga <v, /[v=c/rvyry2zIn2. (20)

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

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

Py =2mvp(v)bdl/Q =31 (Av)’vbdl[20 || (21)

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 O-factor can be also increased by cooling
the cavity down to the superconducting state.
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PaccmoTrpuM B KayecTBe nmpuMepa BO3MOXKHOCTh HAOJIOICHHS BpalaTeIbHO-
ro nepexoga J=1—J=2 monekyn CsF. Ilycte K=200, f=0,03, a= 1072 CM2,
b=d=1cm, n=10", |15|=% 15, pto=73-10"* CGSE, v = 17700 MI'ni, T = 850°C,
F=40, Af=0,1Tu. Torna Av=7«xln, E=3-10"Br, P=510°B1, Puy=
=210 BT, AP,y = 6:10 ' Br.

Taxum 00pazom, MOKHO OXKHJIATh MPEBBIIICHUS] CUTHAIA Hal IIryMoM B 50 pas.

OrnrcaHHBIN 37eCh CIIEKTPOCKOIT pPacxXxoayeT B TeUeHHWE OJHOTO Yaca 75T
BEIIECTBA.

B npuBeneHHOM BBIIIE pacyeTe HE yUYHMTHIBATIACh BO3MOXKHOCTb COPTUPOBKHU
MOJICKYJI TI0 BpAIlaTeIbHBIM COCTOSHUSIM. [IpUMeHeHHe COPTHPOBKU MOJICKYIN TIO
COCTOSIHHSIM PacCMaTPUBAETCS HIDKE, KOTJIa B KA4eCTBE MOTIIONIAOMIEH SYSHKY HC-
MOJIE3yeTCS 0O BEMHBIN Pe30HATOP.

4. CneKTpoCKOMN ¢ 00beMHBIM PE30HATOPOM

[Iycte B KayecTBE MOTJIOLIAIOLIEH AYEUKH HUCIOJB3YETCS MPSAMOYTOJbHBIN
pEe30HATOpP, B KOTOPOM BO30Yxk1aetcs konebanue Hy;,. Ecim npomyckats depe3 Ta-
KOU pe30HaTOp MOJEKYJAPHBIA My4OK B HampaBieHUU ocu (x, TO JOMIEPOBCKOTO
pacmmpenus CeKTpaJbHBIX JTUHUA HE OyJeT, Tak Kak (a3oBas CKOPOCTh Pacipo-
CTpaHCHUA SHGKTPOMaFHHTHOﬁ BOJIHBI B 5TOM HAIIPaBJICHWU paBHa OECKOHEYHOCTH.

Ecmu ucronb30BatTh pacxoIsIIUNACs My90K, TO HEOOXOIUMO, YTOOBI JOTLICPOB-
CKas mHrpruHa JIMHAHN N3-3a HAJIMYUS KOMIIOHEHT CKOpOCTH ’Dy n v, 6I)IJIa MCHBbIIIC N~
PHHBI TUHUH, 00YCIOBICHHON BPEMEHEM MPOJIeTa MOJISKYJI uepe3 pe30HaTop, T.€.

v, =V} + v <c/mrvyN27in2. (19)

Crie10BaTeNbHO, IOMYCTUMBIN Yol pa3ieTa Iy4Ka ONpeIesseTcs YCIOBUEM
tea <v, [v=c/rvyrd27In2. (20)

[Ipu BeiBOmE (19) m (20) mpuHATO, 4TO (ha30Basi CKOPOCTH BOJHEI B HAIpaB-
nennu ocu 0y paBHa Pa30BoOil CKOPOCTH B HarpaBieHUn ocH 0z.

Jns moamepkaHus ONTUMAIBHON TUIOTHOCTH O p(V) BHYTPU OOBEMHOTO
pe30HATOpa B pe30HATOP HEOOXOMMO BBOJUTE JHEPTHUIO Py

Py = 270vp(v) bdl|Q =3h* (Av)*v bdl/20 |1, 1)

rae O — noOpoTHOCT pe30HaTopa.

ITpu BeIBOsie (21) CuUMTANOCh, YTO SHEPTHS PABHOMEPHO paclpejesieHa Mo
o0beMy pesonatopa. Kak BumHO U3 (21), BBOmUMas B pe30HATOP DHEPTUS YMEHb-
IaeTcs MPONOpIHOHATBHO pocTy Q. [To3ToMy A yBeTUYCHUS YyBCTBUTEIILHOCTH
CIIEKTPOCKOIA, Kak 3T0 ciieAyeT u3 (11), Hy)KHO yBENIWYHUTH JOOPOTHOCTH pe30Ha-
Topa. [l momydeHus 60IbIIONH TOOPOTHOCTH pe30HATOpa HEOOXOIUMO YCTPAHUTh
MOTEpU M3-3a M3IYUYCHHUS Yepe3 OTBEPCTUSI B PE30HATOPE, CIIyKalllue IS MPOITycC-
KaHUS My4YKa MOJIEKYJ. DTOr0 MOXHO JIOCTUTHYTh, UCIIOJB3YysS B Ka4eCTBE 3arop-
HBIX (DUIBTPOB OTPE3KU IMIHHIPUICSCKAX BOJHOBOJOB, KPUTHYECKAST BOJHA KOTO-
PBIX MEHBIIIE JUTMHBI BOJHBI U3TYYCHUS] MOJIECKYJI.
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The number of active molecules leaving the slit at sorting is
Nact zﬂNJua (22)
where f is the molecular beam utilisation factor defined by relation (20) and the

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

E.c =0.438N,, hv. (23)
According to (11), this absorption can be detected if
2
Prse <25 (24)
4P,

opt

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

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

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

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

Tact hV > Eloss: (25)
where E\. is the intracavity loss,
Eloss = 2”VEﬁl . (26)
0

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

Eg =p(W)V, (27)

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

Nooy > 2V h(AV) 120 |1 [ (28)

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

Epe = /3 Nocihv. (29)
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JIoOpOTHOCTh pe30HATOPAa MOXKET OBITh 3HAYHMTENLHO TMOBBIIICHA MyTEM pe-
TeHEepay MPH MTOMOIIY JaMIbl Oerymiel BosiHbl. JJoOpOTHOCTD pe3oHaTopa TaKxke
MOJKET OBITh ceNlaHa JOCTATOYHO OOJBIION, €CIM OXJIAJUTh PE30HATOp 0 CBEPX-
MIPOBOJALIETO COCTOSHUS.

Ywuciio aKTUBHBIX MOJICKYJI, IOJIy4a€MbIX OT IICJIH IIPpHU NPUMCHCHUU COPTHU-
POBKH, paBHO

NaKT :ﬂNJva (22)

rae f — xKod(pOUIHMEHT KCIIONB30BaHUS MOJIEKYJ Iy4Ka, ONpeNeNseMblii COOTHO-
menneM (20) u reoMeTprell yCTaHOBKH.
KomugectBo 3Heprum, morionaeMoe 3TUMHU MoJieKyiamu, coritacHo (10), paBHO

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

st Toro 9To0BI 3TO MOTMIOIIEHHE MOTJIO OBITH 00HApPY>KEHO, HEOOXOANMO, COTJIac-
HO (11), 94T06BI
2
E
<= (24)
4P,

OIIT

IyM

Bemmuwnaa P, onpenersiercst u3 paBeHcTsa (21). Bemmannaa rirymoB omnpenensiercs (12).

[MpumeHeHne COPTUPOBKM MOJIEKYJI IO BpaIIaTeIbHBIM COCTOSHUSIM JIA€T BO3-
MOKHOCTh M3y4aTb HE TOJBKO CHEKTPHI MOTIIOMICHUS] MOJIEKYJ, HO U CIIEKTPhI U3JTy-
YCHUS MOJICKYJI, TaK KaK M3 IIy4Ka IO JKXCJIaHUI0 MOKHO OTCOPTHPOBATL MOJICKYJIbI,
HAXOJISIIAECS B HIDKHEM WIJIH BEPXHEM COCTOSHHU PAaCcCMaTPUBAEMOTO ITEPeXo/ia.

HCHOJIL3y5I MOHeKy.]'IﬁIpHLIﬁ ITY40K, B KOTOPOM OTCYTCTBYIOT MOJICKYJIbI B HHUXK-
HEM COCTOSIHUHM PacCMaTpHUBAEMOTO TEPex0/ia, MOKHO C/IENaTh «MOJEKYISIPHBIH Te-
Heparopy. [IpyuHIKI 1eHCTBUS MOJIEKYJIIPHOTO FEHEPATOPa COCTOUT B CIIEAYIOLIEM.

OTCOpPTUPOBAHHBIH MOJIEKYJISIPHBIA MYYOK, B KOTOPOM OTCYTCTBYIOT MOJIE-
KyJIbI B HIDKHEM COCTOSHHM pacCMaTpHBaeMOro Iepexojia, MPOIyCKaeTcs depes
00BEMHBIN pe3oHaTop. 3a BpeMs MpoJieTa MOJIEKYJ B 00bEMHOM PE30HATOPE YacTb
MOJICKYJI MEPEXOOUT U3 BEPXHETO COCTOSAHUA B HUIKHEEC, OTAaBass SHEPruro O6T)eM-
HOMY pe30HaTOpy. Eciau MOIHOCTE MOTEepPh BHYTPH PE30HATOPA MEHBIIIE MOIITHOCTH
W3JTy4CHUs] MOJIEKYJI, TO HACTYIAeT CaMOBO30YK/IEHHE, TIPH KOTOPOM MOIIHOCTH B
pe3oHaTope pacTeT A0 BEIWYHHEI, onpeaenseMor 3pdexToM HackimeHus. Takum
0b6pazoM, caMOBO30YXKICHHE HACTYIIUT, €CITH

TaKT hv > El'lOT’ (25)
rae EHOT — MOIIIHOCTB IOTEPH B 00BEMHOM pe30oHaTOpE, a UMECHHO
2nvE
EHOT = (26)
0

[MpuHKUMast, 9TO SHEPTUs B 0OBEMHOM PE30HATOPE PABHOMEPHO pacrpe/ese-
Ha 110 00beMy pe30HaATOpPa, 3amuIieM F.,; B BUIC

Eon = pW)V, (27)
rae V' — obbveM pe3oHaTopa.
Ha ocHoBanmm (25)—~(27) moxyduM yCIoBHS CaMOBO30YKICHHS B BUC

Noew > 2V h(AV) 120 11" (28)
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Consider, for example, the possibility of observing the /=0 — J=1 rota-
tional transition in CsF molecules. To obtain a molecular beam, a temperature of
575 K is required at which the 0.00025 part of the total number of molecules are in
the J = 0 rotational state.

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

The maximum energy that can be emitted to the cavity is

E.. =16x10""W. (30)
Using (28), we obtain the cavity O-factor at which the self-excitation comes:
0> 3Vh(Av)? [2N,o |1 P (31)
Let =5 cm’ and (Av)> = 5x10" s % Then, we have
0>7x10°. (32)

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

For easily attainable 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 |, |=|4,,|, this power can be ob-
tained from (21):

P, =49x107"W. (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.

References
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CraunoHapHOe COCTOsSIHHE TeHepaTopa ompenensercs 3¢dexroMm Hachliie-

Hust. [IpenensHas BeTMUMHA MOIHOCTH, KOTOPAsi MOKET OBITh MOJyYEHa OT TaKOTro
reHeparopa, paBHa

Eyace = Vs Nur V. (29)

PaccmotpuM B kauecTBe MpuMepa BO3MOKHOCTh HAOJIIOICHHS BpalaTeIbHO-
ro nepexoga J =0 — J=1 monekyn CsF. [Ins1 nomydeHus MOJEKyISIPHOTO MMydKa
HeoOxoamMa temrieparypa 575 K, mpu KoTopoii B HyJI€BOM BpaIllaTeIbHOM COCTOSI-
Huu (J = 0) Haxomutcst 0,00025 yacTh OT MOTHOTO YHCIIA MOJICKYI.

Ipu yrie pactopa myuka B 1° MoxkHO mostyunts notok 10" mMonexys B ce-
KyHIy. U3 3tux Momekyn B coctosauu J=0, v =0 nHaxomgurcs 6:-10° Momexy.
IIpumepHO Takoe ke YUCIIO MOJIEKYJ HaxoauTcs B coctosnuu J =1, M;=0, v =0.
Tak kak B Iyyke OTCYTCTBYIOT MOJEKYJbI B cocTosiHuM J = 0, v = 0, TO HaliieHHOE
YHCII0 MOJIEKYJI SIBJISIETCS YUCIIOM aKTHBHBIX MOJIEKYJI.

MaxkcuManbHasi SHepIus, KOTopast MOXKeT ObITh U3JIy4€Ha B PE30HATOpP, paBHA

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

N3 dhopmyiel (28) Haliem 1OOPOTHOCTh pe30HATOPA, IPU KOTOPOH Mmoryda-
eTCsl CaMOBO30YXKCHHE:

Q> 3V h(AVY [2N |11 (31)
Iycts V=15 oM’ , (A v)2 =510’ CeK_Z, TOrZa B JAaHHOM clly4dae
0>7-10°. (32)

Tax kak TakoW pe30HATOP CHENaTh MIPAKTUYECKH HEBO3MOXKHO, TO MOJIyYUTh
caMOBO30y>KAECHHE B HAIIEM CIIydae TakkKe HeBO3MOKHO. OJHAaKO, BBUAY TOTO YTO
IUIOTHOCTh ITyYKa B HALlleM ClIy4yae AaJeKO He SABISIETCS NMPENeNbHON Ul JUIMHBI
cBOOOJHOTO mpolera MOJIEKYJ, paBHOH 1 cM, pPeXHM CaMOBO30YXICHHS MOKHO
OCYILECTBUTh MPH MPAKTUYECKH TOCTIXKUMBIX JOOPOTHOCTSIX, 3HAYUTEIBHO MOBBI-
CHB IUIOTHOCTb MOJIEKYJIIPHOTO ITy4Ka.

[Ipu JIErKo TOCTHXKUMBIX JOBPOTHOCTSX ~5-10° M Ty UKCIle AKTUBHEIX MOJEKYIT
~3-10° BpaaTeIbHBI HEPEX0 MOKET ObITh H3YdYeH HPH MOMOIIM HHIYLHPOBAH-
HOro M3ny4eHus. Hailinem BenmMUnMHYy MOIITHOCTH, KOTOPYIO HEOOXOJMMO UMETh IS
CO3/1aHUs B pE30HATOPE ONTUMAIBHOM MIOTHOCTH 3HEPTUU JUIsl HHAYLUPOBAHHOTO

U3JTydeHUs] MOJIeKyJl. BeneacTBue Toro uto |u,'|=|, |, BenuuuHy Py, MOXKHO IMO-
myauth u3 (21):

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

Cornacuo (24), npu F =40, Af=0.1 ['n MUHUMaIEHO O0HAPYKUBAEMOE H3-

MCHCHUE MOIIHOCTU PAaBHO
AP, =2-10""Br, (34)

T.e. IPY YKA3aHHOH IUIOTHOCTH ITy4Ka IOJIy4aeTcsl NPEBBIICHHE CUTHala 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

%(N3_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, ~ ¢ BT )

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

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

%(Nz_N3)+N1_N2- 3)

# Sov. Phys.-JETP. 1955. Vol. 1. PP. 184-185.
28



O BO3MOXKHbIX MeToAaX NOJIyYEeHUS aKTUBHbIX MOJIEKY/I
ANS MONEKYNSAAPHOro reHeparopa’

H.l. bacos, A.M. lNpoxopos

dusnyecknin MHCTUTYT uM. MN.H. Jlebeaesa Akagemumn Hayk CCCP
Moctynuno B pegakuunto 1 Hos6ps 1954 r.

Kak Obu10 ykazano B ctarbe [1], ast co3/1aHus CIEKTPOCKOIIOB BBICOKOM pa3-
peraromiei CHTbl HeOOXOAMMO HCIIOIh30BaHNE MOJICKYJISIPHBIX IIyYKOB. B 3TO ke
cTarhe ObLIO YKa3aHO Ha BO3MOXKHOCTH CO3JIaHMsI MOJICKYJIIPHOTO TeHepaTopa. AK-
TUBHBIE MOJIEKYJIbI IS MONyYeHHUS PEKHMa CaMOBO30YXICHUS B MOJEKYJISIPHOM
reHeparope Mpeagaraioch Noay4arh MyTeM OTKIOHEHHS MOJEKYJ Iy4yka B HEOIHO-
POJTHBIX AIEKTPUYECCKUX MM MAarHUTHBIX MOJIAX. Takoi crnoco0 MonydYeHUus aKTHB-
HBIX MOJIEKYJT OBLI IPUMEHEH B MTOCTPOSHHOM MOJIEKYJISIPHOM TeHepaTope [2].

Nmeetcs emie npyroi myTh MOXYYCHHUS aKTHBHBIX MOJICKYJI, 3 UMEHHO MPEJ-
BapHUTeJIbHOE OONYYEHHE MOJEKYJISPHOTO Iy4YKa BCIOMOTATEIBHBIM BBICOKOYAC-
TOTHBIM I10JIEM, BBI3BIBAIOIIUM PE30OHAHCHBIC IMEPEXOABI MEKIAY pPa3IMYHBIMU YPOB-
HAMU MoJiekyn. Ha puc. 1 m 2 yka3aHbl BO3MOXKHBIC BapHaHThI UCIIOJIB30BAHUS
BCIIOMOTATEIHHOTO M3IYUYEHHSI YaCTOTHI Vyop JJISI 00OTAIIEHNS BEPXHETO YPOBHS B
HENAX MOTYYeHHs peKuMa caMOBO30YKIEHHS Ha 9YacTOTE V.

B ciydae, n300paxxeHHOM Ha puc. 1, aKTUBHBIE MOJIEKYJIBI Ha IIEPBOM YPOB-
HE TIOJTYYaloTCs 3a cYeT rmepedpoca BEICOKOUYACTOTHBIM ITOJIEM MOJIEKYJ C TPETHETO
ypoBHs. Eciin BBICOKOYACTOTHOE TMOJie 00J1afaeT JOCTATOYHOW MOIIHOCTBIO, TaK
4yTO AocTUraeTcs 3h(eKT HACBHIIIEHNS, TO YHCIO AKTUBHBIX MOJEKYJ PaBHO

%(N3—N1)+N1—N2, (1)

rae N; — 4ucio MOJeKys Ha i-M YPOBHE.

Uncno akTUBHBIX MOJIEKYJI Ha TIEPBOM YPOBHE YBEIHYHBAETCS C YBEIHYCHH-
€M pa3HOCTH SHEPruil MEXIy IHEPBBIM M TPETBUM YpPOBHSAMH IO OTHOIIEHHUIO K
Pa3HOCTH DHEPTHH MEXKIY NEPBBIM U BTOPBIM ypoBHsIMH. IIpu sTOM cnenyer y4u-
ThIBaTh, YTO YMCJIO MOJEKYJ Ha YpOBHSX MpPHU TEPMOAMHAMHUYECKOM DPABHOBECHU
ompenensercs pakropoMm bonbimana

N, ~ BT )
rae E; — sHeprus i-ro ypoBHs, I’ — a0COMIOTHAs TeMIIEpaTypa MOJIEKYJI IIy4Ka.

Te ke paccykaeHUs CIpaBeIMBBI AJs Cilydasi, H300pakKeHHOTO Ha puc. 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_N3)+N1_N2- (3)

# X3T®. 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.

(i1) 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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IIpennoxxkeHHble HAMHU METOIBI MOTYT OBITH HCIIONB30BaHbI, HalpUMeEp, B
CIIEIYIOIUX CIyYasX.

1. YpoBuu | u 2 SBASIOTCS COCEAHUMH BpaIIaTeNbHBIMU YPOBHIMH, TIPUHA-
JIeKAIUMH OTHOMY U TOMY € K0JIeOaTeIbHOMY COCTOSIHUIO MOJIEKYJI, @ YPOBEHb 3
MPUHAUIEXKHUT COCEAHEMY KOJIeOAaTeIIbHOMY COCTOSIHUIO MOJIEKYJbI, IPUYEM Bpa-
11aTeIbHOE KBAHTOBOE YMCIIO 3TOTO YPOBHS OTIMYAETCS OT BpAlaTeIbHOI'O KBaH-
TOBOTO uKciia ypoBHed 1 u2 Ha A =0, £1.

Y100HO 1OB30BATECS HEPEXOJaMHU MEXKIY KOIeOaTeJbHBIMH YPOBHSIMH C
n3MeHeHneM AJ = +1, Tak KaK B 3TOM CJIy4ae MPEABABISIOTCS HE CIUIIKOM BBICO-
Kre TpeOOBaHUsI K MOHOXPOMAaTHYHOCTH BCIOMOTATENbHOIO M3IydeHHs. Tak Kak
Nepexoabl MEeXIy KosieOaTeNbHbIMI YPOBHSIMHU OOJIBIIMHCTBA MOJIEKYJI ITONaJaioT B
HH(PPAKPaCHYI0 00JacTh CIIEKTPa, TO BCIIOMOTaTeIbHOE M3JIyYECHUE TODKHO IPH-
HaIexarb K 3Toi obnactu yactoT. CieayeT 3aMeTUTh, YTO MOIIHOCTH TETIOBBIX
MCTOYHUKOB MH(PAKPACHOTO M3IIyUEHHs CYILECTBYIOIIEH B HACTOSILEE BPEeMs KOH-
CTPYKIIMU HEJOCTATOYHA AJIS MOJIyueHHs 3P QeKTa HaChIIICHUS.

2. YpoBHu 1, 2 u 3 gBnAOTCA BpamlaTeNbHBIMU YPOBHSIMH MOJIEKYJ THIIA
ACMMETPUYHOI'O BOJTUKA.

3. YpoBHH 1 U 2 SIBISIFOTCSA YPOBHSIMH CBEPXTOHKOW CTPYKTYPHI, IPUHAIIIEC-
JKaIllMMU OJTHOMY U TOMY K€ BpalllaTeIbHOMY COCTOSIHHUIO, 3 YPOBEHb 3 SBISAETCS
YPOBHEM CBEPXTOHKON CTPYKTYpPBI COCETHETO BpalllaTeIbHOTO YPOBHS MO OTHOIIE-
muro K 1 12",

4. YpoBau | U 2 ABISIOTCS yPOBHSAMHE, OOYCIIOBICHHBIMA WHBEPCHOHHBIM
YABOCHUEM, TIPUHAIKAIIMMYI OJTHOMY M TOMY K€ BPalaTeIbHOMY COCTOSIHHIO, a
YpOBEHb 3 ABIISETCS OJHUM M3 MHBEPCHOHHBIX YPOBHEH COCEIHEro BpamaTeIbHOro
COCTOSIHMSL.

[IpennoxeHHBIE METOABI MOTYT MO3BOJIUTH MOJIYYUTh JOCTATOUYHOE YHCIIO aK-
THUBHBIX MOJIEKYJ B LEIAX CO3JaHNU 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,O; (chromium corundum), at a chromium concentration of 0.05 %.
Earlier, this combination was investigated by Kashaev [2]; however, the author
failed to explain the spectrum observed by him. We investigated the above-named
combination at two frequencies, v; = 11970 MHz and v,= 8960 MHz, at room
temperature.

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

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

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

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

M=% M=ho-h M==¥o-).

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
nmoHa Cr3* B xpomoBoM kopyHpae’

A.A. MaHeHKkoOB, A.M. lNpoxopos

dusnyecknin MHCTUTYT uM. MN.H. Jlebeaesa Akagemumn Hayk CCCP
Moctynuno B peaakunto 26 despana 1955 .

[lapaMarHUTHBIA pe30HAHC XPOMOBBIX COJIEH HamOOJee XOPOIIO WU3yYeH Ha
KBacmax. DJIEKTPUIECKOe KPUCTAUIMYECKOoe ToJie, ASUCTBYIOIIee HA HOH XpoMa B
3THX COENWHEHHSIX, UMEET TPUTOHAIBHYI0 CHMMETPHIO M CO3[aeT pacIIeIIeHHne
JIBYX KPaMepPCOBBIX CIIMHOBBIX MyOJIETOB (B OTCYTCTBHE BHEIIHETO MArHUTHOTO T10-
ns1) B uHTepBate ot 0,12 1o 0,18 CM ' B 3aBUCHMOCTH OT THII4 KBAaCI[OB [1].

Hamu ObuT MicCneoBaH CIEKTP MapaMarHUTHOTO PE30HAHCA B TBEPJOM pac-
tBOpe Al,O3—Cr,0; (XpoMoBEIH KOpyHA) Ipu KoHUeHTpauun xpoma 0,05 %. Panee
9TO COoeMUHEHNE OBLIO UCCIIENOBAaHO B paboTe [2], OMHAKO aBTOPY HE yAAIOCH 00b-
SICHUTH HAOJIIOJaBIIHNICS UM CIIeKTp. MBI UCCIieIOBall HAa3BaHHOE COCAMHEHHE Ha
JByX yactorax, vi= 11970 MI'u u v, = 8960 MI 11, mpu KOMHAaTHOH TeMIepaType.

XpOMOBBIH KOPYHJ MpeAcTaBisieT co0oi oaHOOCHBIH KpucTamil. Koraa och
CUMMETPUHM KpHCTalla MapajuleJibHa HANpPaBICHHUIO TPHIIOKEHHOTO BHEIIHETO
MarHATHOTO TIOJISA, HAOIOJaeTcs TOHKAs CTPYKTypa CIIEKTpa MapaMarHuTHOTO pe-
30HaHCa, COCTOAILIAsl U3 TPeX JIMHHUM, YTO COOTBETCTBYET 3JIEKTPOHHOMY CIIMHY
Cr’*, paBHomy ¥. Ha gactore v, = 8960 MI'1| 1Be HaO0AaEMBIE JIMHUH 00YCIIOB-

JICHBI MAarHuTHBIMU JJUITIOJIBHBIMU NIEPEXOJaMU M = % <> % 1 OJHA JIMHUA — IIC-
pexomom M =Y, «>—);. Tlepexon M =—3% «>—),. Ha 9TOii yacToTe He HabIIO-
Jaetcsi BCIISICTBUE TOTO, YTO HA4YaIbHOE pacluelUieHne ypoBHed M =+ Y u +%,

CO3JIaHHOE BHYTPEHHUM JJIEKTPUIECKUM KPHUCTAJUIMIECKUM I0JIeM, Oobiie Av,. Ha
gactote v; = 11970 MI'n HabmomaemMble JIMHUM TOHKOH CTPYKTYPBI 00YCIIOBJICHBI
nepexonamu

M=¥%e0 M=Xoe- M=-¥o-0.

Korma ock cummeTpun nepneHANKYJIIpHA HAMPABICHUIO BHEITHEIO MArHUT-
HOTO TIOJsI, HAONIONAIOTCS JBe JIMHUU Ha yactore 8960 MI'm u yeThipe nTuHUE Ha
gactore 11970 MI'm. Ilpu 3TOM, B cOTIacuu ¢ TeOprei, OTHOCUTEIHHBIC HHTCHCHB-
HOCTH JIMHUM 3aBUCST OT yTria MEXAY OChI0 CUMMETPHUH KPUCTAIIA U HAIpaBIICHU-
€M paJrio9acTOTHOTO TOJI.

[Ipeamnonaras, 4To Ha MOH XpoMa ACHCTBYET JJIEKTPUUECKOE ITOJIE TPUTO-
HaJbHOM CHUMMETPHHU, MOXKHO OINHCATh HAOIIOJACMBIA CIIEKTP MPU IOMOIIU Clie-
JyIOLIero raMuiibToHuana [1]:

# X3T®. 1955. T. 28, Bbin. 6. C. 762.
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H =D|:‘§Zz —%S(S+1)]+g“,3Hz*§z +gj_ﬂ(Hx‘§x +HySY)’

where D is a constant characterizing the splitting of the levels in the crystalline
electric field, S is the electron spin, ﬁx, ﬁy, 3‘2 are the components of the spin opera-

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,, H,, H, are the components of the magnetic field
intensity.

The initial splitting of the spin levels in the absence of the magnetic field |2D]
was found to be 0.3824 cm™' which exceeds the splitting in alum by more than a
factor of two. The g-factors are g= 1.984 = 0.0006, g, = 1.9867 £ 0.0006.
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H= D[Sj ~ Vi S(S+ 1)} +gBH.S. + glﬂ(Hxi + Hygy )

rae D — KOHCTaHTa, XapaKTepU3yIolas paclieryieHHe yPOBHEH B AJIEKTPHUECKOM

MoJie KpUCTailIa; S — AJICKTPOHHBINA CIIVH; S‘X,Sy, S, — omneparopsl KOMIOHEHT
cnuHa; gy U g — (aKTOphl CIIEKTPOCKOMTUYECKOTO PACHICIUICHHS, COOTBETCTBYIO-
e TapajyieIbHOW U TIEPIeHINKYIAPHON OpHUEHTAllMd KPHUCTAIa OTHOCUTEIHHO
BHEIITHET0 MarHuTHOTO mouist; f — marHetoH bopa; H,, H,, H, — cocraBistoniue
HANPSHKEHHOCTH MarHUTHOTO TTOJISL.

HawanpHOe paciienieHne CIMHOBBIX YPOBHEW B OTCYTCTBHE MarHUTHOTO T10-
st |2D| okasanochk paBHeiM 0,3824 cM ', uTo Gomee deM B 2 pasa IPEBBIMIACT Pac-
HICTJICHUE B KBaclax, a g-(hakToOphbl PaBHbI

g, =1,9894£0,0006, g, =1,9867+0,0006.
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Molecular amplifier and generator
for submillimeter waves*

A.M. Prokhorov

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

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

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

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

where v is the frequency of the transition, u,, the dipole-moment matrix element,
Av the line width, 4 Planck’s constant, and c¢ the velocity of light.
If the power of the radiation leaving horn 1 is equal

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

rises to Po=Pye”. Let v=6x10"Hz (A=0.5 mm),
> = 2x107°, Av=5%10° Hz, and N=10"" cm™. Then
a=1cm . If /=10 cm, Py/Py= 2.2x10*. The maximum
J=23__ L S J_r 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__ 2.4+ tance between the mirrors is /, the reflection coefficient of
L Y 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 O-factor of such a system is equal to
of NH; for J=3, 2, 1, B
and 0, and for K =0 QZZTHZ(l—k) 1-

2)

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

A.M. lNpoxopos

dusnyecknin MHCTUTYT uM. MN.H. Jlebeaesa Akagemumn Hayk CCCP
Moctynuno B peaakuuto 1 anpens 1958 r.

B nHacrosmeii paboTte paccMaTpuBaeTCsi BO3MOXKHOCTh CO3J[aHHUS MOJIEKYJIISIP-
HOTro ycunutens u reneparopa (MYI') Ha BoiHax kopode 1 MM ¢ MCHIOJIB30BaHUEM
MOJIEKyJI amMmMHuaka. BparmiarenbHbie mepexoabl monekyn NH; sexar B obnactu
BOJIH KOpo4de 1 MM. DTH mepexoabl MOTYT ObITh MCIIONB30BaHbI s co3nanus MYT.
CopTHpoBKa BpamaTeIbHBIX TIEPEXOT0B OCYIIECCTBIISETCS OJHOBPEMEHHO C COPTH-
POBKO# TI0O MHBEPCHOHHBIM YPOBHSIM — MOJIEKYJIbI, HAXOAIIUECS HAa HIDKHEM WH-
BEPCHOHHOM YPOBHE, OTCOPTHPOBBLIBAIOTCS MPH MPOITyCKAHUH TTyYKa MOJIEKYJ depes
KBaJIpyNOJBHEIN KoHIeHcaTop. CHcTeMa BpallaTelbHO-HHBEPCHOHHBIX YpOBHEH
MoCJIe COPTUPOBKY M300paxkeHa Ha puc. 1 mnsa J=3,2, 1, 0 u K =0, mpudem ypoB-
HU, Ha KOTOPBIX HET MOJEKYJ, MOKa3aHbl MyHKTUPOM. CILIOMIHBIMHU CTPEIKaMU
YKa3aHbl MePeXO0/Ibl, YBEIMYNBAIOIINE YHEPTHIO TAJIAI0IETO W3ITyYeHUs, a ITyHK-
TUPHBIMHA — TIOTJIONIAOIINE U3ITyICHHE.

st co3manust yCUIUTENs MOXKHO MCTOJIB30BaTh YCTPOMCTBO, B KOTOPOM H3-
JMy4YeHWe, BBIXOMS W3 OJHOTO PYyIopa, MEepeceKaeT psJ MOJEKYISPHBIX MyYKOB U
momnaaaeT B Apyrou pymop. Eciaum cpemHss IUIOTHOCTh YHCIA aKTUBHBIX MOJICKYJT
paBHa N, To K03((HUIIUSHT OTPHUIATEIHLHOIO MOTJIOIICHHUS ONpeneisieTcss (hopMyJIoi

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

IJIE€ V — 4acToTa NEPeX0oaa, fy, — MATPUUHBII 3JIEMEHT
AWIOJNBHOTO MOMEHTA, AV — IUMPUHA JIMHUW, h — 0[O0~ ;3§ —
crosinHas [Inanka, ¢ — cKOpocTh CBETA.

Ecnu Ha BhIXOZE pymopa 1 MOIIHOCTH HM3ITy4YeHUS
paBHa Py, TO Ha BXOJ€E pynopa 2 nocie IpoxXoKIACHUS my-
TH | MOIIHOCTb BO3PACTAET M CTAHET paBHOH Py =Pye”. j—» -
Hycts v=610"Tu (A =0,5MM), |[tm|* =2-107°, Av=
=510°Tu, N=10"cm>. Torma a=1cm'. Ecmm [= v
=10cMm, TO Py /Py= 2,2-104. MakcumanbHas MomHocTh, J =1 SR B TR
KOTOPYIO MOKET OTAAaTh TAKOW MYy4OK, COCTABISIET OKOJIO S I A
1 mxBT. Jl514 co3iaHusi MOJIEKYJISIPHOTO FeHepaTopa B ka-  ~ == =--=-< -+
YECTBE PE30HATOPA MOKHO MCIONL30BATh JBA MIOCKONA-  Pyc, |, BpamarenbHbiii
pasienbHbIX 3epkana. Eciu paccrosHue Mexay 3epkana-  chmextp NH; mas J=3,
MU paBHO / ¥ KO3 GHUIHUEHT OTpasKeHHUs OT 3epKana paBeH 2,1,0uK=0

# X3T®. 1958. T. 34, Bbin. 6. C. 1658-1659.
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If I=1cm, 1=0.05cm, k=0.95, then O =2400. However, energy losses occur
also because the wave is not plane but has an angular spread 26 =~ A/D, where D is
the linear dimension of the mirror. Because of this effect, the energy P, after n re-

flections will be
-2
P =R [1 + ’Z—f) . 3)

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

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

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

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

ke >1. 4)

If a=1cm', /=1cm, k=0.95, condition (4) is satisfied by a wide margin. If
e” > 1, self-excitation occurs for small k.

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

27
0= 2 (1-k) . (2)

Ecim /=1 cm, 4=0,05 cm, k= 0,95, To Q = 2400. OnHaKo mOTEpH SHEPTHUHU TIPOUC-
XOJIAT TaKKe M3-3a TOTO, YTO BOJHA HE ABJIAETCS IUIOCKOH, a IMEET YToJl PacXoikK-
nenust 260 =~ A/D, rne D — nuneliHble pa3Mepsl 3epkana. M3-3a aToro addekra Be-
JMYHMHA SHEPTHU P, OCIe 71 OTpaKeHH CTaHET paBHOU

-2
n=n1+22] G

Bemmauna nl ecth myTh, TPOUIECHHBIA BOJTHOMW 3a BpEeMs 71 OTPKCHHHA. DTO BpeMs
paBHO 7 = nl/c.

Ecim MBI 3HaeM HOOPOTHOCTH CHUCTEMBI, TO BpEeMs, 32 KOTOPOE MOIIHOCTh
yOBIBaeT B e pa3, paBHO 7 = (J/27v. 3a 3TO BpeMs BOJHA MPOUIET MyTh 1/ = CT; eCIu
0=2400,av= 6:10" ', To nl =21 cm.

Ecmm D =3 cm, o u3 (3) moirydaem, uto P, = 0,8 P, T.e. B HallleM CiIy4ae Io-
TEPH MPHU OTPAKCHUU UTPAIOT TIIABHYIO POJIb.

YcioBue caMoBO30YKIEHUS 3aIUIIETCS B BHJIE

ke® >1. 4)
Ecmm a=1cm ', I=1cm, k=0,95, ycioBue (4) 3HAYUTENHHO TEPEBBIMTOIHAETCS.
Ecmi ¢” > 1, caMoB030yK/IeHIE HACTYIIAET PH HeOOIBIINX K.

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

G.M. Zvereyv, 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,O3: Cr,05). The spectrum of Cr’" in corundum was investigated in a number of
papers [6-9]. The Cr’" ion in corundum is in an axial electrical field which splits the
spin quadruplet of the lower orbital singlet level into two doublets, the distance be-
tween which is equal to 2D =—0.3824 cm'. The spin-lattice relaxation time of Cr’",
even at liquid nitrogen temperatures, is sufficiently long [10], ~10™*s.

For a paramagnetic amplifier, we have used the levels that are characterized
by the quantum numbers M =3, + ¥, when the crystalline axis is oriented parallel

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

a b c the auxiliary radiation excited transitions be-
tween the levels M =), —3%. The frequency
ﬂ\ 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 —}<>+4%

transition at a frequency of 3000 MHz, as a
function of the power level of the auxiliary
radiation. It is clear from the photographs
diation P,y Fig la corresponds to how the .abso'rption line (1a) goes over into
Pux=0. Fig. lc corresponds to a an emission line (1¢) when the power of the
value of P,, at which saturation is auxiliary radiation is increased. At T~ 2K,
reached. Fig. 15 corresponds to an in-  the system became self-excited and acted as
termediate case a generator.

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

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

r.M. 3sepes, J/1.C. KopHneHko, A.A. MaHeHkoB, A.M. lNpoxopos

dusnyecknin MHCTUTYT uM. MN.H. Jlebeaesa Akagemumn Hayk CCCP
Moctynuno B peaakuuto 1 anpens 1958 r.

B [1] 6bu10 MIpenIoKEeHO UCIIOIB30BaTh MOJIEKYIISIPHYIO CUCTEMY, HMEIOIYIO
TPH DHEPTETUYECKUX YPOBHS, ISl CO3MAHUS MOJIEKYJISPHBIX YCHIIUTENECH U reHepa-
TopoB. Ilo3mHee »TOT Bompoc ObuT OoJiee AETaTbHO PACCMOTPEH B MPUMEHEHHUU K
napamMarHuTHBIM KpuctaiwiaMm [2]. IMetoTcst cooOIIeH s O MOCTPOMKE TPEXypPOBHE-
BBIX MMapaMarHUTHBIX YCWJINTENEH C MCIOIb30BAHUEM MOHOKPUCTAIUIA 3THIICYIIb-
¢ara ragonunus [3] ¥ MOHOKpHCTaIa XpoMOBOro nuanuaa [4, 5]. Hamu ObLia uc-
ClIeI0OBaHa BO3MOXKHOCTh CO3J[aHHsI TTApaMarHUTHOTO YCHIIMUTENs W T'eHepaTropa C
HICIIONb30BAHIHEM MOHOKPHCTAILIA XpoMoBoro kopyHza (Al,O5: Cr,05). Criekrp Cr
B KOPYHJIe MCCiIenoBaics B psjge pa6or [6-9]. Mon Cr'* B kopyHIe HaXOmuTCs B
AKCHAJIbHOM JJIEKTPHYECKOM I10Jie, KOTOPOE pacIIEIUIsieT CIMHOBBIA KBaApyIUIET
HIDKHETO CHHIJIETHOTO OpOMTaIbHOTO YPOBHS Ha J1Ba TyOJieTa, pacCTOSHUE MEXIY
KOTOpEIMH paBHO 2D =—0,3824 cm'. Bpems crimH-pererouoii penakcamun Cr
J@XKe TPU TeMIepaType KHIKOTO a30Ta SBJISETCS JAOCTATOYHO AMMHHBIM ~107* ¢
[10].

JlJis mapaMarHUTHOTO YCHITUTEINS Mbl
UCIIOJIB30BAJIM YPOBHHU, KOTOpHIE B Cllydyae
napajuielbHONH OpUEHTAllMd OCH KpHUCTaJuIa a 6 f/
OTHOCHUTENIFHO BHEITHETO MOCTOSHHOTO Mar-
HUTHOTO TIOJIS XapaKTepU3YIOTCs KBAHTOBBI-
mu gucinamu M =¥, £ 4. TIpu noBopoTe ocu

KPUCTAJUIa COCTOSIHHS TIEPEMEUINBAIOTC H
CTaHOBATCS Pa3pElICHHBIMH MTEPEXOJIbI MEXK-
Iy BCeMH TpeMmsi ypoBHAMH. s ycuieHus

HCTIONB3YIOTCS YPOBHM M == )5, };, a BCNO-  pye, 1. dororpaduu JIMHAK [OTII0-
MOraTenbHOe HM3IydeHHe BO30OyXgaeT mepe- weHus M=3% — ), Ha uacrore
XOZIbl MEXJy YpOBHsMH M =), —%. Yacro- 3000 MI'y mpu pasiMyYHBIX YPOBHSIX
MOIIHOCTH BCIOMOIaTEIbHOIO HU3IIy-
yeHust P, Puc. la coorBercTByeT
Py = 0; puc. 16 COOTBETCTBYET MOIII-

Ta, HA KOTOPOH MPOUCXOAUT yCHJICHHE (WIIH
rernepanms), Opura ~3000 MI'm, a dacrora
BCIIoMoOTateapHoro m3mydeHus ~15000 MI . o
HOCTH Py, IPY KOTOPOH JOCTUTACTCS
Ha puc. 1 npusenens Qororpaduu s QeKT HachleHust; puc. 16 cooT-
JIMHAM, COOTBETCTBYIOIUC IICPCXOAY — % <>  BETCTBYET MPOMEXYTOYHOMY CIIydar0

# X3T®. 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.I. Shal’nikov for his assistance

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

<>+ Y Ha gacrore 3000 M1 B 3aBHCHMOCTH OT YpOBHSI MOIIHOCTH BCIIOMOTa-

TenpHOTO M3MydeHus. M3 dortorpaduit BUAHO, Kak JIMHUA TOTJIOmeHus (puc. 1a)
MIEPEXOUT B JIMHUIO HCITyCKaHUs (puc. 16) Mpu MOBBIIIIEHHH MOIIHOCTH BCTIOMOTa-
tenbHOro M3nydeHus. Ilpu T~ 2 K cucrema camoBo30Oyxaanack U paborana Kak
TeHepaTop.

[MoapoOHBIe HaHHBIE 0 PabOTE TMOCTPOSHHOTO YCHIIUTENsT OyAyT OIryOIuKo-
BaHbI TO3/IHEE.

ABTOpHI BBIpaxaroT OmarogapHocTs mpod. A.U. [llanpHHKOBY 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 7, of conduction electrons (holes) will be much larger than the time 7; between
collisions of the electrons (holes) with the lattice. The time 7, can be controlled by

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

The present work was registered with the Committee on Discoveries and Inventions of
the Council of Ministers of the U.S.S.R., with priority date July 7, 1958.
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KBaHTOBOMEeXaHMUYeCcKue noslyrnpoBOAHUKOBbIE FreHepaTopbl
M YCUINTENN 3NIeKTPOMAarHUTHbIX Kone6aHunin®

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

dusnyecknin MHCTUTYT uM. MN.H. Jlebeaesa Akagemumn Hayk CCCP
Moctynuno B peaakuuio 18 maa 1959 r.

B HacTosIel 3aMeTKe paccMaTpHUBAETCsl BO3MOXKHOCTh HCITIOJIB30BaHUS dIEK-
TPOHHBIX TIEPEXOI0B MEXKAY 30HOH MPOBOIAMMOCTH (BAJICHTHOW 30HOW) M JOHOP-
HBIMH (aKLENTOPHBIMU) NIPUMECHBIMH YPOBHSMH MOJTYNPOBOIHUKA IS TTOTyUCHHS
3JIEKTPOMArHUTHOTO M3JIyYeHHs C TIOMOLIBIO MEXaHW3Ma MHAYLHPOBAHHOTO H3IIY-
YeHUS TT0JJ0OHO TOMY, KaK 3TO IMEET MECTO B MOJIEKYJISIpHOM TeHeparope [1].

I[JBI OCYIICCTBJICHUA IMOJYIPOBOAHUKOBBIX I'CHEPATOPOB U yCPIJII/ITeJIeﬁ HEC-
00X0IMMO TIOYYHUTh TAaKOE PacIpeAcsICHHEe DJICKTPOHOB (IBIPOK) B 30HE MPOBOIU-
MOCTH (BaJICHTHOH 30He), Korna 3 (eKkTrBHas TeMIiepaTrypa 3JIeKTPOHOB TPOBOIH-
MOCTH (BIPOK) TI0 OTHOIIEHUIO K NOHH30BaHHBIM JOHOPaM (aKIENTOpaM) SBISETCS
oTpuuaTenbHOR. Takol momynpoBOoJHUK 00MagaeT OTPULIATEILHBIMU [TOTEPSIMHU Ha
YacTOTe MEPEXOA0B IEKTPOHOB (IBIPOK) U3 30HBI MPOBOAUMOCTH (BaJICHTHOM 30HBI)
Ha TPUMECHBIN ypoBeHb. [loaTOMy mpHu 00iydueHUM HaxXOIAIIErocs B yKa3aHHOM
BBIII€ COCTOAHWU MOJYIIPOBOJHUKA SHCKTpOMaFHHTHOﬁ BOJIHOM MO>KHO IMOJIy4YUTh
yCHIIEHHE ATOH BOJHEI 32 CUET KBAaHTOB MHIYIIMPOBAHHOTO UcHycKaHus. bomnee To-
ro, TPHU BBITIOJTHEHUH HEKOTOPHIX YCIOBHU (YCIOBUI caMOBO30YKICHHS) TaKOH
mpuOop MOXKeT paboTaTh Kak reHepaTop.

Jns mody4eHus] OTpPULATEIbHBIX TeMIIEpaTyp HpeaaraeTcsi MCIOJIb30BaTh
MEXaHU3M HOHHU3AlMU IMPHUMECEH MONYyNPOBOIHMUKOBOTO 00pasla, HaXOSIIEerocs
IIPY HU3KOU TEMIEPATYPE, MO JCHCTBUEM UMITYJIbCA AJIEKTPUIECKOTO IOJIS.

[MukoBOE HaMpsDKEHUE WUMITYNIbCa BBEIOMpPACTCS] TAKMM, YTOOBI BBI3BATH yIap-
HYIO0 HOHH3AIMIO aTOMOB IIPUMECEH WM HEMOCPEACTBEHHOE BBIpbIBaHUE TToseM. [Ipu
3TOM KOJIMYECTBO AJIEKTPOHOB (ABIPOK) B 30HE MPOBOJUMOCTH (B BAJICHTHOW 30HE)
PE3KO BO3PACTAET, TaK YTO MPAKTHYECKH BCE aTOMBI MPHMECE OKa3bIBAIOTCS MOHU-
30BaHHBIMH. [Ipu mocTaToyHO OBICTPOM CHaJaHWK HANPSHKEHHS UMITYJIBCA BCE DIICK-
TPOHBI (OBIPKW) TIEpeHayT Ha HaOOIee HU3KHE SHEPreTHIECKIE YPOBHU COOTBETCT-
Byto1eil 30Hb1. [IT0THOCTH 37€KTPOHOB (ABIPOK) U TEMIepaTrypa KpucTajlia JOIHKHBI
OBITH BBIOpaHBI TAKUMH, YTOOBI B 30HE MPOBOJUMOCTH (BaJE€HTHOI 30HE) co3/aBa-
JIOCH TIPH 3TOM COCTOSTHHE, OJIM3K0e K BBIPOXKICHHIO, YTO SKBUBAIIEHTHO OTPHUIIATEIh-
HOU TeMIiepaType 10 OTHOIICHHUIO K JOHOPHBIM (aKIETITOPHBIM) YPOBHSIM.

CocTosiHHE C OTPHUILIATENEHON TeMIIepaTypoil OylIeT COXpaHSAThCS B TEUYCHUE
BpPEMEHH peJlaKCcalliy SIEKTPOHOB (IBIPOK) ¢ BAKAHTHBIMU MPUMECHBIMH YPOBHSIMHU.

# XX3T®. 1959. T. 37. C. 587-588.

HacToswas paboTa 3aperncrpvposaHa KomuteToM no fgenam n3obpeTeHnin u OTKPbITUIA Npu
CoBeTe MunHuctpos CCCP ¢ npuoputeTtom 7 nionsa 1958 r.
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the impurity concentration. During the interval 7, the system may be used as a gen-
erator or amplifier of electromagnetic oscillations. The oscillation frequency is de-
termined by the position of the impurity energy levels relative to the bands. The
original spectral line breadth is determined by the energy spread of the occupied
levels in the main bands.

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

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

The operating principle in quantum-mechanical semiconductor generators
and amplifiers using electronic transitions between two different bands will not dif-
fer from that discussed above, since in this case also two characteristic times, 7; and
T, EXISt.
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[Ipu conepxanuu MpUMeceid, TOCTATOYHO MAJIOM IO CPaBHEHUIO C YHCIOM aTOMOB
PEIIeTKU KPUCTAJUIA, BPEMS KU3HH IJIEKTPOHOB MPOBOIUMOCTH (BIPOK BaJICHTHOM
30HBI) 7, 3HAYUTEIHHO OOIBIIE BPEMEHU 7] MEXKIy CTOJIKHOBEHUSMH 3JIEKTPOHOB
(IBIpoOK) C perieTkoi. Bpemst 7, MOKET OBITh PEryIHUPYyeMO KOHIIEHTpAIHel mpuMe-
ceil. B TeueHne BpeMeHH 7, CHCTeMa MOXeET OBITh HCIIOJIb30BaHA B KadeCTBE Te-
HepaTopa WU YCHIHTENS 3JIEKTPOMAarHUTHBIX KonebOanuii. YacTora KoyeOaHumit
OTIpEIEISIETCSl PHEPTETHUCCKUM TOJI0KEHUEM YpPOBHEH MpHMecedl OTHOCHUTEIHLHO
OCHOBHBIX ToJIOC. McXOoqHasi MIMpUHA CHEKTPATIbHON JTUHUHU ONPECISIeTCS IIUPU-
HOM SHEPreTUYECKOM MOJIOCHI 3aHATHIX YPOBHEH B OCHOBHBIX 30HAX.

Juis Toro utoObl cucTeMa paboTajia B PEKUME T'eHEpaluu, HEOOXOIMMO
YAOBJICTBOPHUTH YCIOBUSAM CaMOBO30YKJCHHS, UYTO CBSI3aHO C MOA00pOM Ko3(hdu-
[IMEHTOB TPOXOXK/CHHSI U OTPaKeHUsI BOJH Ha TpaHuIle oOpa3ma [2, 3]. YMeHsbIIe-
HUEM K03()(PHUIIMEHTOB MOBEPXHOCTHOTO OTPAKECHUS WM YMEHBIIEHHEM pa3MepoB
o0pasiia MOKHO TIEPEBECTH CUCTEMY M3 PEXKHMA TCHEPAIMH B PEKUM YCUIICHUS.

Kaxxaprit *MIysIbC BHEIIHETO HAIPSDKEHUsT OyNIeT COMPOBOXKIATHCS 00pa3o-
BaHUEM COCTOSIHHS C OTPHUIIATEIHHON TeMIepaTypoid, T.e. Takas cuctema OyneT pa-
60TaTh B UMITYJILCHOM PEKHIME.

[MpuHIUN AEWCTBUS KBaHTOBOMEXaHWYECKHX TOJIYIPOBOJIHUKOBBIX T€HEpa-
TOPOB M yCHJIUTENEH, UCTIONIB3YIOIIUX AJIEKTPOHHEIE MTEPEXO0IbI MEXIYy IBYMsI pas-
JTUYHBIMA 30HaMH, HE OyJeT OTIMYAThCS OT PACCMOTPEHHOTO BHINIC, TaK KaK W B
3TOM CIJIy4ae CyIIeCTBYIOT /IBa XapaKTEPHBIX BPEMEHU 7| U 7.
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Experimental study of disk resonators
in the millimeter wavelength range*

A.I. Barchukov and A.M. Prokhorov

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

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

2
0= P (1-k), (1)

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

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

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

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

A.N. bapuykoB, A.M. lMpoxopoB

dusnyecknin MHCTUTYT uM. MN.H. Jlebeaesa Akagemumn Hayk CCCP
Moctynuno B peaakuuio 16 nioHa 1959 r.

B [1] 6put0 MOKa3aHO, YTO CHUCTEMa W3 ABYX MapajUIeIbHBIX 3epKall MOXET
UMETh JTOCTATOYHO OOJBIIYI0 JOOPOTHOCTh Ha MWJIITMMETPOBBIX H CYOMUITHMET-
POBBIX BOJIHAX, a8 UMEHHO

_ 27l
0=~ (1-k)" (1)

rae | — paccTossHHe MEXIY 3epKayiaMd, kK — KO03(PPHUITMEHT OTpaKEHUS OT 3epKal.
®opmyra MoirydeHa B MPEANOI0KEHHH, YTO MOTEPU SHEPTHH MPOUCXOIAT TOIBKO
IIPU OTPaKEHUU OT 3epkail. [Ipeamnonaraercs Takxke, YTO BOJIHA MJIOCKasL.

B nanHO# paboTe onucaHo MPOBEJCHHOE aBTOPAaMH 3KCIIEPUMEHTAIBHOE HC-
cJIeZIOBaHHE TMCKOBBIX PE30HATOPOB B JMaNa30HEe IJIMH BOJIH OT 3 10 12,5 MM mipu-
MEHHTENBHO K 3afjadaM paanociekTpockonuu (puc. 1 u 2). OnbIT NOKa3bIBaET, YTO
CHCTEMa U3 JIBYyX MapaUICJIbHBIX 3€pKall JOCTATOYHO XOPOLIO BO30YXKAAeTcsA Kak
MarHUTHBIM, TaK M 3JEKTPUUCCKUM IUIIOJISMHU C JIOCTATOYHO BBICOKOH HOOPOTHO-
cteio. Hampumep, Ha amuHe BoiHBI 12,5 MM mipu auameTpe AuckoB D = 180 M
Obu1a mosrydena noopotHocTh 7000—8000, uto cormacHo (1) cooTBETCTBYeT KO3(-
¢unmeHTy otpaxenus, pasuomy 0,999 mpu / = 1.

HccnenoBanue CTPYKTYphbl MOJSI MOKA3allo,
YTO 3JIEKTPOMArHUTHAs BOJHA, BO30yXIaemas B
pe3oHartope, OJIM3Ka K IIIOCKOH BOJIHE C BEKTOpaMU
E u H, napannensHpIMU IIIOCKOCTAM 3epkai. [Ipu
W3MEPEHUH [UIMHBI BOJIHBI B PE30HATOPE YCTAHOB-
JIEHO, YTO JUIMHA BOJIHBI B HAIpPaBICHHUH, MEpIICH-
JTUKYJSIPHOM K JIMCKaM, COBIAJAeT C JUIMHOM BOJI-
HBI B CBOOOHOM TIPOCTPAHCTBE C TOUHOCTHIO 10,
OmbIT NOKa3aJ, YTO METAJUIMYECKHUE INPEIMETHI,
ClIerKa BABHMIaeMbl€ B PE30HATOP C Kpas, MpaKTH-
YeCKH HE BIUSIOT HA PE30HAHCHYIO YacTOTy U A00-
poTtHOCTB. Bosnee Toro, pesoHaHCHas 4acToTa Mpak-
TUYECKH HE M3MEHSETCs, €CNIM TUCKH 3aKPBITh MO
KkpasiM oseroid. [1MOTHOCTH HEPTUH MOJISL K Kpasm
JHUCKa 3HAYUTCIIBHO CIIaaacTt. Yucno IJIMH BOJIH, Puc. 1. I[I/ICKOBHﬁ pe3oHatop Ha
YKIaAbIBAIOIIUXCS IO paauyCy, MOXXHO YCTaHO-  AMana3oH IKMH BoJH 11-13 MM

# PagnoTexHuKa v anekTpoHuka. 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 1= 12.5 mm, only one maximum was observed. With decreas-
ing the wavelength at D = const, the number of maxima increases.

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

The QO-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 O-factor was
not worse than the O-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-QO-factor at submillimeter wave-
lengths because we failed to notice that it decreases with decreasing the wave-
lengths in the region from 12.5 to 2.7 mm.

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

Disk resonators can find wide application not only in the submillimeter
wavelength range but also in millimeter and centimeter regions. They can be the ab-
solute wavemeters with accuracy up to 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. [lucKOBBIN pe30HATOp Ha AUana3oH JUIMH BOIH 4-8 MM

BUTh 3KCIIEPUMEHTAIBLHO MPH ITOMOIIY BIBUTACMOTO B PE30HATOP B HAIpaBJIe-
HUH pajiiyca OTKPBITOrO BOJHOBOJA, HA PYTOM KOHIIE KOTOPOTO HAXOIUTCS IETEK-
Ttop. Ilpy D=180 MM u A=12,5 MM HaOmromaercsi TOIBKO OAMH MakcumyM. C
YMEHBIIIEHUEM JTUHBI BOJHBI TIpU D = const 4MCcI0 MaKCHMYMOB BO3pacTaeT.

JoOpOTHOCTH JUCKOBOTO pe3oHaTropa ciabo 3aBHCUT OT PAcCTOSHUS MEXKIY
nmuckamu 1o [/ = (4—6)A/2. O4eBuIHO, 3TO MMPOUCXOANUT BCIEICTBUE TOTO, YTO C POC-
TOM YHCIIA TTOYBOJIH BO3pACTaeT MOTEPS SJHEPTUU Ha U3TyYCHHE, TaK KaK BOJTHA HE
SIBJISIETCS CTPOTO ITOCKOH [1].

JIoOpOTHOCTDh JHMCKOBBIX PE30HATOPOB B CHJIBHOM CTEMEHH 3aBHCUT OT Ma-
paJUIETBHOCTH TUCKOB. BBUIO 3aMedeHo, 4To TOOPOTHOCTH 3aMETHO YXYyALIaeTcs,
€CJIA YTOJ MEXIy IUCKaMU COCTaBISET HECKOJIBKO MUHYT. DKCIIEPUMEHTAIBHO yC-
TAQHOBIIEHO, YTO TPW YBEIWYEHHWH AWAaMETpa TUCKOB IMPH 33JaHHOU IJIMHE BOJIHBI
YHUCIIO PE30HAHCHBIX BBIOPOCOB CTAHOBHTCS OOJIBIIIE YKCIIA TIONTYBOJH (B HaIpaBlie-
HUY, TICPIICHAUKYISPHOM K Auckam). Hampumep, npu aiuHe BOJHBI 2,7 MM U TUa-
MeTpe aucka 180 MM ObL10 0OHapyx)eHo okono 100 pe30oHaHCHBIX MAKCUMYMOB Ha
MIOJIYBOJTHE, B TO BpPeMsI KaK Ha JUIMHE BOJHBI 12—13 MM HaOmromancs TOIBKO OJTUH
MAaKCHMYM. Y CTaHOBJIEHO, YTO C 3TOM TOYKH 3PEHHS ONTUMAIBHBIM JUAMETP JIUCKa
TOJDKEH OBITh mpuMepHO B 13—14 pa3 Gosee juymHBI BOHBL. [Ipu amameTpe TUCKOB,
TIPEBBIIIAOIIEM JJTHHY BOIHBI TOJIBKO B 6—7 pa3, JOOPOTHOCTh 3HAYUTEIHHO YMEHB-
maercst. [Ipu quae BonmHbl 4 MM 1 quamerpe aucka 100 MM JOOPOTHOCTH TUCKO-
BOTO pe30HaTOpa ObLIa HE Xy)Ke JOOPOTHOCTH Ha JUTMHE BOJHBI B 12,5 MM tipu D =
= 180 mM. M3Mepenne noOpOTHOCTH Ha BOJHAX Kopoue 2,7 MM HamMH HE MPOU3BO-
JIUIIOCH, HO MOYKHO II0JIaraTh, YTO IMCKOBBIE PE30HATOPHI JaAyT BBICOKYIO T0OPOT-
HOCTh W Ha CyOMWIJIMMETPOBBIX BOJHAaX, TaK KaKk HE ObUIO 3aMEYeHO, YTO OHa
YXYJIIAeTCs C YMEHBIIEHUEM IJIMHBI BOIHBI OT 12,5 10 2,7 MM.

Crnenyer 3aMETUTh, YTO C YMCHBILICHUEM JUTHHBI BOJHBI BO3HUKAIOT TEXHUYEC-
CKHE 3aTpyAHEHHsS B M3TOTOBICHHH U IMEPECTpoiike pe3oHaropoB. Hampumep, Ha
JUIMHAaX BOJH KOpoue 8 MM MPUXOAUTCS OTKa3bIBaThCs OT OOBIYHOW IuddepeHiu-
TBHON pe3bOBI IS TIepeMeIIeH s TUCKOB B MOJIB3Y THAPABINIECKON I TEPMHU-
JecKOH, oOecreunBaroniux Oojiee TUIaBHOE NepemMerneHue. TpeOyroTcs TakkKe I0-
MOJTHUTEIbHBIE TTPUCIIOCOOJIEHUS I COXPAHEHHUS MMapajUIeIbHOCTU AUCKOB MPHU UX
nepeMenICHNH.

JlrcKoBBIE PE30HATOPBI MOTYT HAWTH IIMPOKOE MPUMEHEHUE HE TOJIBKO B CyO-
MUWDIMMETPOBOI 00JIaCTH JUIMH BOJIH, HO M B MUJUTUMETPOBON M CAHTHMETPOBOH 00-
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In radiospectroscopy, disk resonators can be employed as an absorbing cell
using Stark modulation. It is known that in the millimeter region, the use of the
Stark modulation is complicated due to a drastic increase in the losses in the mate-
rial supporting the Stark electrode. Here, this difficulty is automatically removed.
Using the Stark modulation, we observed a number of NHj; lines in the range from
24 to 26 GHz in a disk resonator.

Disk resonators can be quite convenient for measuring dipole moments of the
molecules because the modulating electric field is more uniform in them than in the
waveguides. Finally, disk resonators can be used in the NH; maser.
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nactsx. OHE MOTYT ObITh aGCOMIOTHBIME BOTHOMEPAMH ¢ TOYHOCTBIO 10 107, T.e.
MOTYT JIaTh OOJBINYIO0 TOYHOCTh, YEM H3MEPUTEIIbHAS JUHHUS. DTa TOYHOCTh MOXKET
OBITh MOBBIIICHA, €CITH BBECTH MOMPABKY HA HCKPHUBJICHUE (DPOHTA BOJIHBI B JAHHOM
BOJTHOMEpE.

B paanocneKTpOoCKONUU JUCKOBBIC PE30HATOPHI MOKHO MPUMEHSTH B Kade-
CTBE TIOTJIOIIAIONICH sTYSHKU C UCTIOIB30BAHUEM MITAPK-MOIYJISIH. U3BeCTHO, U4TO
B MIJIJTMMETPOBOM 00JIACTH HUCIONB30BAaHKUE ITAPK-MOIYJISIMU 3aTPYAHECHO BCIIE-
CTBHE PE3KOr0 BO3pacTaHUS MOTEPh B MaTepuayie, MOJJICPKUBAIONIEM IITapK-
ANEKTPOJ. 3AeCh 3TO 3aTPyJHCHUE aBTOMATHUYECKU Hcue3aeT. VCroib3ys mTapk-
MOJIYJISIIINIO, MBI HAOIIOAK B TUCKOBOM pe3oHarope psaja auauii NH; B quanazone
24-26 I'T.

JII/ICKOBBIG PE30HATOPBI MOTYT OKa3aThbCsA BECbMa YJIO6HI)IMI/I IJI1 U3MCPCHUS
JUMONIEHBIX MOMEHTOB MOJICKYJ, TaK KaK MOAYJUPYIOIIEe JJICKTPUYESCKOE O
B HUX 0oJiee paBHOMEPHOE, YeM B BOJHOBOJAax. HakoHell, JHCKOBBIE PE30HATOPHI
MOJKHO HCIIOJIb30BaTh B AMMHUAYHOM MOJICKYJISIPHOM IFeHepaTope.

JIureparypa
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Production of negative-temperature states in p—n junctions
of degenerate semiconductors?

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

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

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

Mo+ 4y, > A (1

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

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

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

U,in=Ale, (2

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

# Sov. Phys.-JETP. 1961. Vol. 13. PP. 1320-1321.
! In the case of indirect transitions [3] at low temperatures, the quantity A in formula (2)
should be replaced by A-g, where ¢ is the energy of the radiated phonon.
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Mony4yeHue COCTOAHUI C OTPULIATENIbHOW TeMNepaTypou
B p—n-nepexoaax BblPOXAEHHbIX NONYNPOBOAHUKOB®

H.r. bacoB, O.H. KpoxunH, FO.M. lNMonos

dusnyecknin MHCTUTYT uM. MN.H. Jlebeaesa Akagemumn Hayk CCCP
Moctynuno B pepaakuuio 18 anpens 1961 r.

[Ipy npunoxeHun K p—n-nepexony B MOJYNPOBOJHUKE HANPSOKEHUS B M-
MOM HallpaBJICHUHU, BCIIEICTBUE YMEHBILICHHUA HNOTECHIUAIBHOIO Oapbepa, obpaso-
BAaHHOT'O INIPOCTPAHCTBEHHBIM 3apsIOM B p—n-TIEpexofe, BOIM3M HEro BO3pacTaer
KOHIIEHTpaIusl HEOCHOBHBIX HOCHTENEH Toka. MakcuMaibHas KOHIEHTPAIHUs 3TUX
HOCHUTEJICH COOTBETCTBYET MOJIHOMY CHSTHIO MOTEHIMAIBHOTO Oapbepa BHEIIHUM
MOJIEM U TIO TOPSAKY BEIMYUHBI paBHA MX KOHLIEHTPALMU B TOM YacTH KpUCTAIJa,
I7ie OHU ABJISIIOTCS OCHOBHBIMHU (MBI CUHMTaeM p—n-Tiepexo]] pe3kum). OTpuuaTesb-
Has TeMmIepaTrypa B MEXIYy30HHBIX II€pPexXoJaxX BO3HUKAET TOJBKO B TOM CIydyae,
KorJa KBa3nypoBHH PepMH, COOTBETCTBYIOIINE HEPABHOBECHBIM KOHIIEHTPALMSIM
3JIEKTPOHOB U ABIPOK, YIOBIETBOPSIOT CIEAyIOeMy yCIoBHo [1]:

Mo+ 4y > A (1)

TIe U U L, — KBa3sUypoBHU PepMH 71 DJIEKTPOHOB M JBIPOK, A — IIMpHHA 3a-
IIPEIIEHHON 30HbL. [Ipu NpUIIOKEHNN K p—h-TIEPEXOAY HAIPSDKEHHS B IPSIMOM Ha-
MpaBJICHUM KBa3nypoBeHb DepMu HEOCHOBHBIX HOCUTEIICH BOJIM3H mepexojia OyaeT
0sn30K K ypoBHIO DepMU TOW YaCcTH KpHCTAJLUIA, TAC STH HOCUTEIH SIBJISFOTCS OC-
HOBHBIMU. B 3TOM citydae u3 ycnoBus (1) cinemyer, 4To, 1o KpaiHe# Mepe, B OJTHOU
YacTU p—n-TIEPexXo]ia HOCUTENU JIOJKHBI OBITh BHIPOXKICHBI. [loiynpoBomHuKH ¢
TaKUMHU p—1-TIepPEeXOfaMHy SBJISIOTCS TyYHHEIbHBIMU IUONaMU [2], OJHAKO paccMar-
pUBaeMbIii MEXaHU3M BO3HWKHOBEHWHS COCTOSHHIA C OTPUIATENILHON TeMIlepaTypoi
COOTBETCTBYET HE TYHHEIHHOU, a Mu(Py3nOHHON JaCTH BOIBTAMIIEPHON XapaKTe-
PUCTHKH TyHHETFHOTO AMOAA.

B p-n-nepexomax CHIBHO BBIPOKACHHBIX IONYIPOBOIHUKOB COCTOSHHE C
OTpPULATEIBLHON TEMIIEPATYPOIl BOBHUKAET PaHbIIIEC, YEM IPOUCXOAUT IMOJHOE CHS-
THE TMOTeHIHAJIBHOTO Oaphepa, YTO JaeT BO3MOXKHOCThH UCIOIB30BATh IS MOTyde-
HUS KOJIMYECTBEHHBIX OIEHOK MU (Y3UOHHYIO TEOPHUIO TOKA Yepe3 p—i-TIIePeXo/l.

Kax nerko mokazaTh, MUHUMAIbHOE 3HAYEHHE BHEIIHETO HAMPSKEHUS Upyin,
TIPH KOTOPOM BO3HHKAET COCTOSIHHE C OTPUIATENIBHOI TEMIIEpaTypOil, PABHO'

Upin =Ale, 2)

min

# XKIT®. 1961. T. 40. C. 1879-1880.
! B cnyyae HenpaMbix nepexodos [3] npu HU3KKMX TemnepaTypax obpasua B dopmyne (2) Be-
NMYKNHY A cnepyeT 3aMeHUTb Ha A-g, rAe € — 3Heprusa usnyyaemoro hoHoHa.
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I ~—(eDn,/L)exp(eU/kT), 3)

where D is the diffusion coefficient, L is the diffusion length, and #, 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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rie —e — 3apsia ekTpoHa. IlnotHocTh ToKa / (HampuMep 3IIeKTPOHHAS KOMITOHEH-
Ta) MO MOPSIKY BEIUYMHBI paBHA

I ~—(eDn,/L)exp(eU/kT), 3)

rae D — koabouuuent quddysun, L — muddysuonHas anuHa, n, — IIOTHOCTh
3JIEKTPOHOB B p-4acTH IOJIyNPOBOIHHUKA. AHanmu3 ¢Gopmyiisl (3) MOKa3bIBAET, YTO
IUIOTHOCTh TOKAa YMEHBIIAETCS C YBEIMUCHUEM CTETICHH BBIPOXKICHUS U C TIOHMKE-
HUEM TeMITepaTypsl 00pasma. DTo 0OCTOATEIHCTBO aeT BO3MOXHOCTH ITOIYYaTh
COCTOSIHHE C OTPULATEIIHON TeMIIEPaTypoi B CTALlMOHAPHOM pekume. OnHaKo OT-
pHULIATENBHBIN KOX(QQHUIMEHT TOTJIONICHUS BCIEICTBIE HAMYUS Pa3IMYHBIX Mexa-
HU3MOB aOCOPOIMH M3ITYy4YEHHUS B MOIYNPOBOJHUKE BO3HUKAET MPHU CPaBHUTEIHHO
Gombumx (~10" cM ) HepaBHOBECHBIX KOHILIGHTPALMSX HEOCHOBHBIX HOCHTeneH [3],
YTO JeflaeT HEBO3MOKHBIM paboTy MpH OYEHb MaJbIX 3HAYEHUIX TNIOTHOCTH TOKA.

[IpoctpancTBeHHas 061acTh, B KOTOPO BO3HMKAET COCTOSIHUE C OTPULATENb-
HOHM TeMmeparypoi, oOpasyercst B cioe BOIU3U p—n-Tiepexoa ¢ TOJNIINHOMN TopsaaKa
I Qy3noHHON AMMHBL. BBICOKHE MIOTHOCTH OCHOBHBIX HOCHTENIEH TOKa B BBIPO-
KIICHHBIX I1OJIyIIPOBOJHHUKAX, OKPY’KAIOIIUX O0JIaCTh C OTPHULATEILHON TeMIlepa-
TypOH, MO-BUAUMOMY, MOTYT OBITh HCIIOJIB30BAaHbl B KAYECTBE OTPAKAIOIIUX H3IIY-
YeHHE TIOBEPXHOCTEH, T.€. CITYKUTh «PE30HATOPOM.

3aMeTHM, YTO CHIKCHHUE MIIOTHOCTH TOKa MOXKET OBITh TIOCTUTHYTO B CIIydae,
KOTJa MOJIyIPOBOIHUKH, 00pasyIouue p—n-nepexon, UMEIOT PasinuHyl0 IUPUHY
3aMpeLIeHHON 30HBI.

PexoMOMHAIIMOHHOE CBEYECHUE B p—n-IIEPEX0JIaX B BBIPOXKICHHBIX MOIYIIPO-
BOJHMKAX HaOmomanoch [lankoBeiM [4]. BBumy TOro, 4ro OoTpuIIaTedbHAs TEMIIE-
patypa BO3HHKAeT Mpu OoJiee HU3KUX KOHICHTPALMSIX HOCUTENEH, YeM COCTOSIHUE C
OTpHLATEIBHBIM KOA(Q(PHULNEHTOM MOTTIOIIEHHS, A1 OOHAPY KEHUs OTPULIATEIIEHON
TEMIIEpaTyphl LEeJIecO00Pa3HO HAOMIOAATh U3MEHEHUE BOJBT-AMIICPHBIX XapakKTe-
pHUCTHK 00pa3La Ipy 00JIyueHHUHU IIePeXo/ia CBETOM COOTBETCTBYIOLIEH YaCTOTHI.
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Molecular photodissociation as a means of obtaining
a medium with a negative absorption coefficient’
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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 2 wy causes dissociation of the molecule; as a result one of the atoms (for exam-
ple, X) can be left in an excited state. Under certain conditions (cf. [1]) an inverted
distribution between levels 3 and 2 is obtained in the X atoms, that is to say, the
inequality Ns/gs; > N,/g, is satisfied, where N and g are the populations and statisti-
cal weights of the corresponding levels shown in the right side of the figure'. This
population inversion can be used for amplification and generation of electromag-
netic radiation at the frequency of the atomic transition ws,.

An important feature of the scheme under discussion is the fact that the
molecule can, in principle, absorb energy over a relatively wide spectral range
(~10° 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

k_/l_zA?:Z Q

=——= , = | E,x,do. 1
Y4 y4 hay, © I M

>
Here, 7, 4, and A3, are, respectively, the wavelength, the line width, and the Einstein

coefficient for the 3 — 2 transition; A3 is the total decay probability for level 3,
E,, is the spectral power density (W/(cm” Hz)) of the exciting radiation; «,, is the ab-

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

! We note that the inequality Ns/gs > Ni/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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C oTpMuaTenbHbIM KO3 dULUMEeHTOM nornouweHms’

C.l. PaytnaH, N.N. Co6enbMaH

dusnyecknin MHCTUTYT uM. MN.H. Jlebeaesa Akagemumn Hayk CCCP
Moctynuno B peaakunto 19 oktabpsa 1961 r.

HuBepcHOE 3aceneHre ypoBHEH pa3iinyHbIX CUCTEM (aTOMOB, MOJICKYJI, KPH-
CTaJJIOB U JIp.), YTO MPHUBOINT, KaK U3BECTHO, K OTPHUIIATENBHBIM KOd(hdUIIueHTaM
TMOTJIOLEHHUS, MOXKET OBIThH TIOJYYEHO C MOMOIIBIO ONTHYECKOTO METOAa BO30YKe-
Hus [1-7]. Huwxe oOcyk1aeTcst HOBBIM BapuaHT 3TOTO METO/A.

Peur mper o momydeHNn BO30YKIEHHBIX aTOMOB B pe3ysbTare (OTOIUCCO-
[UAIMA MOJIEKYJ. PaccMOTpuM paju mpocTOTHI [ByXaTOMHYIO MoJekyiry XY. Ha
PUCYHKE TpHUBEIEH DPAJ THIUYHBIX MOTEHIUAIBHBIX KPHUBBIX, COOTBETCTBYIOIINX
OCHOBHOMY M BO30YX/IECHHBIM JJIEKTPOHHBIM COCTOSHHSM MOJICKYIIBI (B HpaBoOi
CTOpPOHE PHCYHKa MOKa3aHbl YPOBHU aToMa X). BO3MOXKHBI /1Ba THIIA TaKUX KPHUBBIX
(crimonTHBIE W MYHKTHPHBIE JIMHUW HA PHCYHKE); BCE JajbHEiIee B PaBHOU Mepe
oTHOCHTCA K 000uM TuraM. [lormomenre ¢poToHa 9aCcTOTH @ 2 ) COMPOBOXKIALT-
csl AMccoLuranyedl MOJIeKyJbl, B pe3yibTaTe Yero OJUH M3 aTOMOB (Hampumep X)
MOYXET OKa3aTbCsi B BO30YKICHHOM COCTOSHHMH. [Ipu OIpeneNneHHbIX YCIOBHIX
(cm., Harmpumep, [1]) oOpa3yeTcs HHBEpCHOE paclpe/ieeHIEe aTOMOB X 10 YPOBHIM
3 ¥ 2, T.e. BBINOJHSIETCS] HEPABEHCTBO N3/g3 > N,o/gy, rne N 1 g — 3aCeJICHHOCTH U
CTaTHCTUYECKHE BECa COOTBETCTBYIOUIMX YpPOBHEW, NMOKa3aHHBIX B MPaBOW 4acTH
prcyHKa'. DTa HHBEpPCHAs 3aCEIEHHOCTh MOKET ObITh HCIIONb30BAHA [UISl YCHICHUS
Y TeHEePaIuH SJIEKTPOMArHUTHOTO U3YyUYeHHS Ha 9aCcTOTE aTOMHOTO TIepexoia ms;.

[IpuHIKIMATEHO BaXKHAsE OCOOEHHOCTH O0CYKAAeMOU CXEMBI COCTOUT B TOM,
YTO IOTJIOIIEHHE SHEPTHH MOJIEKYJIO MPOUCXOJUT B CPABHUTEILHO IIMPOKOW 00-
nactu cnektpa (~10° cM '), Torma Kak MIMpPHUHA ATOMHOM JIHHHH M3ITydeHHs Maia
(~0,01-0,1 cM™"). D10 GIArONPHSTCTBYET MOMYYCHHIO GOIBIIEX KOI(QHIHEHTOB
ycunenus k,,. JledcTBuTensHO, BEIpakeHue s k, MOXKHO 3aIiCcaTh B BUIE

k :ﬂ“_zﬁi

, = | E,x,do. 1
Y4 y4 hay, © I M

>
3mech y, A M1 A3 — COOTBETCTBEHHO JITFTHA BOJIHBI, IIUPUHA JIMHAH B KOIPHHUITHEHT

OiHITelHa Ui nepexona 3 — 2; A; — MonHasi BEPOATHOCTh pacnazna ypoBHS 3,
2
E, — cnekrpanbHas IIOoTHOCTH ocBenieHHocTy (B1/(cm™1'11)) Bo30y xnatomiero ms-

£KIT®D. 1961. T. 41. C. 2018-2020.

! OTMeTuM, uTo HepaBeHCTBO Ns/gs > Ni/g; NPaKTUYECKM HEBBINOMHUMO, TaK KakK BpeMs W3-
HM aTOMa B OCHOBHOM COCTOSIHWUM, OMNpeaensieMoe peKoMbuHaumein, NpuanMnaHneM K cTeHKaMm
M T.N., MHOMO 60/1blUE BPEMEH XM3HW BO36YXAEHHbIX COCTOSHUIA.
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U sorption coefficient associated with the dissociation

X(3)+Y process XY — X(3) +Y. The quantity Q is obviously
EP—};Q;QI 3 the power absorbed per unit volume as a result of this
Rl 2 process. If E, varies slowly in the region of effective
&2)+Y absorption, then

AR, AT

Q = E}r’?a)ra ka) - s (2)
4 hw, A
hawg XY b A3 7
- I Where K, 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 = (43,/43)['/y . When the atom is excited di-
rectly [1, 2], Asp/A; s 1 while the widths I and y are usually determined by the
Doppler effect, i.e., I'/y = wy/ws; < 10. Consequently M < 10 in this case. In crystals
I'~10°cm™, y~1-10cm™ and As3/4; <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,/4;~ 1, we have M ~ 10*-10°.
Thus, the advantages of the first two cases—a wide excitation spectrum and a nar-
row atomic radiation spectrum, can be combined.

An estimate of the absolute magnitude of the absorption coefficient in a typi-
cal case (y=0.03 em ', A=1 um, Ao =2xc/wy=2000 A) gives k,=0.3043,/4;,
where Q is expressed in units of W/cm’. Consequently even with relatively low
values O ~ 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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JTy4eHus; k, — Kod(GQuuuent nornomenuns, obycios- U

JeHHOTrO TporeccoM aucconmammu XY — X(3) + Y. . XO)tY
BemuunHa O ecTh, OYEBHIHO, MOMIHOCTH, MOTJIOMIAE- \'}'—}{ani 3
Masi B eWHULIE 00BbeMa B pe3ysbTaTe 3TOTO Ipolecca. -

S - 2
Ecmu E,, mano mensiercst B oonactu 3 (HeKTHBHOTO MO- &D*Y
TJIOUICHUS, TO

_ A Eufy A T

0=ERL, k : ®) ool sy
¢ “ 4 hay, 4y /_(__)_ 1
rae kK, — CcpenHee 3HA4YeHue k,, a | — mmpuHa moso- /
cbl mornomenus. Jlerko mokasars, uto (1) u (2) cnpa- 0 r

BE/UIMBEI U BO BCEX JAPYIHMX BapHUaHTaX OMNTHYECKOTO
MeToj1a Bo30yxkneHus. 13 (2) BUIHO, 4TO U MPOYMX PABHBIX YCIOBUSX BEIUYMHA
k,, onpenensiercs 3HadeHneM napamerpa M = (43,/A3)[/y *. B ciydae Bo3GyxIeHHS
HEnocpencTBeHHO aToMa [1, 2] A3p/A3 < 1, a mupunsl I', y 0OBIYHO ONpPEACNIIOTCS
apdexrom [ommuiepa, T.e. ['/y=wo/w; s 10. CrnegoBatenbHO, B 3TOM cliydae
M < 10. s xpucramios I~ 10° em ™, y ~ 1-10 em ', A3/45 < 1 [3-6] u, cnenoBa-
TenbHO, M ~ 10°~10°. B npeuiaraeMoM e MeToJe CIEKTp MOTNOMIEHHs CTONb XKe
MoK, Kak u B kpuctamiax (I ~ 10° cM '), HO y 3HAYHTEIBPHO MEHBIIE, 2 HMEHHO, B
BUIMMON M OmibKHeH HH(pakpacHoii obmacTsx y ~ 0,01-0,1 cm'. Tlostomy mpu
A3p/A3 ~ 1 umeem M~ 10*-10°. Taxkum 00pazoM, OOBEAMHSIIOTCS TOJIOKUTETHHBIC
CTOPOHBI TEPBBIX ABYX CIy4aeB — IIMPOKHH CIIEKTP BO30YKIEHHUS M aTOMapHBIN
CIICKTP U3IYUYCHHS.

OrneHka aOCOTIOTHON BETMYMHBI KO (GUIIMEHTA TTOTJIOMEHHS I TUITHIHO-
ro ciydas (y=0,03 eM', A= 1 MrMm, Ay = 27rc/wy= 2000 A) nmaer k,=0,3043/45,
rae O BepaxeHo B Br/cm’. ClieqoBaTenbHO, YiKe MPU CPABHUTEIBHO HU3KHX 3HA-
gennax Q ~ 1 Br/em® MoxHO momyunth k, = 0,3 cM ', 4TO HAMHOTrO MPEBOCXOIUT
3HaueHue k,,, HeOOXOIUMOE ISl TOCTHXKECHHSI IIOPOTa TeHEPaIiu.

Bce ckazanHoOe BbIIIE 0 IBYXaTOMHBIX MOJIEKYJIaX B paBHOW Mepe OTHOCHTCS
U K MHOTOAQTOMHBIM MoJIeKyiaM. [1o3ToMy B MpHUHIHMIIE UMEIOTCS MIUPOKHUE BO3-
MOXHOCTH JUIsS BBIOOpa MOAXOIANIMX OOBEKTOB. Pa3zymeercsi, HY»HO yYHUTBHIBATH
PSA OOCTOSATENBCTB, BAXKHBIX C MIPAKTUYECKONW TOYKH 3peHHA. Tak, cHCTeMa TEpMOB
JTOJDKHA OBITH TaKOW, YTOOBI YacTOTa ¢ HAXOAWJIACHh B JIOCTYIHOW 00JAacTH CIEK-
Tpa; ’KeJarejbHa OOJbIlas yIPyrocTh mapa IpU YMEPEHHBIX TeMIepaTypax; Hau-
Oosee ymoOHBI BEIECTBA, MOTYIIIHE PETCHEPUPOBATHCS B pabodeM cocyne, 0o
MPOAYKTHI pacmajia JOJDKHBI JIETKO YIAIAThCS U3 cocyna U T.m. OHAKO OCHOBHAS
TPYJIHOCTh B BbIOOpE OOBEKTOB COCTOMT B TOM, YTO XOPOIIO M3yuYeHBI JIMIIbL MPO-
1ecchl (pOTOIMNCCOLMAINH, TTPH KOTOPBIX OJWH M3 aTOMOB OKa3bIBAE€TCS Ha Pe3o-
HaHCHOM ypoBHe [8].

2 BenmunHa k, OMpefensieTcsl HE06X0AMMOCTbIO MPOCBETUTL 06paseL, U B pasinyHbIX Bapu-
aHTax ONTUYecKoro BO36YyXAeHUs MO NOPSAKY BeNnYMH 6nmuska K eavHuue. MpakTuyeckn
5TO AOCTUrraeTcsl COOTBETCTBYHOWMM BbIGOPOM KOHLIEHTPaLUKM NOMIOLWAoWMX LEHTPOB.
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Concerning one possibility of amplification of light waves*

S.A. Akhmanov and R.V. Khokhlov

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

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

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

®,= 0+ 0, (1)

(the particular case when @, = 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,m) =g, (Cl)){l +m |:ei(wpt—kar) 4 o (@) :|} 2

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

Assume that the waves at frequencies w, and w, have components £, = E, H,,
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 OF
¢ ot 9z axt

D=¢E, 3)

# Sov. Phys.-JETP. 1962. Vol. 16. PP. 252-254,
! The modulation coefficient m can amount to ~107*-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. XoxsnosB

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

[IpeameroM HacTosIed 3aMETKH SBIISIETCS OOCY>KAEHHE HEKOTOPHIX BO3-
MOXKHOCTEH YCUJICHUS U TeHEpaIlMU CBETOBBIX BOJH B ONTHYECKU MPO3PAYHBIX KPH-
CTayIax, MOJIIPU3aIHs KOTOPBIX HENWHEHHO 3aBUCHT OT HANPSKEHHOCTH JIEKTPH-
YeCcKOro MOJIsl paclpocTpaHstonieiicss BonHbl. HenmHelHocTh yka3zaHHOTO TUIA (ee,
OYEBUIHO, MOXXHO PacCMaTpHBaTh KaK 3aBHCHMOCTH JTUAIIEKTPHUECKOHN MPOHHUIIae-
MOCTH OT TI0JIs1) ObIJIa YCIIENTHO KMCIIOJIb30BaHa B Psi/ie OMMMUCAHHBIX HEaBHO JKCIIe-
pumeHToB (cM. [1-3]) mo reHepanuu ONTHYECKHUX TapMOHUK. EcTecTBeHHO, 4TO
STUM HE UCUEPIIBIBAIOTCS BO3MOXKHBIC HETMHEHHBIE A((EKThI B TAKUX KPUCTAIIAX.
Hwxe OyneT moka3aHo, 4TO MU OIMpPEIETCHHBIX YCIOBHSX B ONTHYECKH MPO3pady-
HOM cpeze, MoApu3aIisl KOTOPOH KBaJAPaTUYHO 3aBUCHUT OT HAIPSDKEHHOCTH JJIEK-
TPUYECKOTO TIOJISl, MOKET OBITh IMOJYYCHO MapaMeTpHuecKoe YCHICHHE OeryImx
CBETOBBIX BOJIH, OCYIIECTBIISIEMOE 32 CUET DHEPTUH MHTEHCHBHON CBETOBOW BOJHBI
(Tak Ha3bpIBAEMOW HAKayK{) M YTO YCJIOBHUS MapaMETPUYECKOTO YCHIIEHUS MOTYT
OBITh peaNn30BaHbl B OTHOOCHBIX KPHUCTAIIAX.

Kak u3BectHo (cMm., Hampumep, [4, 5], a Taxxe 0030p [6]), B o0nacTu OCHOB-
HOTO0 TapaMEeTPUYECKOrO pPE30HAHCA SHEPrusi MHTCHCHBHBIX KOJICOAHWN HAaKauyKd
YaCTOTBI Wy, MPOU3BOSIINX MOJYJISIINIO PEAKTUBHBIX IMapaMeTPOB KoseOaTenbHOM
CHCTEMbI WM TIepeIatoliell TMHUH, MOKET IepeaBaThcsl KoJeOaHMsIM Ha 4acTOTax
@1 ¥ @, YIOBIETBOPSIOMINX YCIOBHUIO

W, = W+ @, (1)

(B 4aCTHOM ClIydae @) = @y = W,/2 — TaK Ha3bIBAEMOEC «BBIPOXKJICHHOE» IapaMeT-
pudeckoe B3aumojeiicTeue). /s BEISICHEHUST 0COOCHHOCTEH TaKOro B3aMMOJICUCT-
BHS B IIPOCTPAHCTBE CIEAYET PACCMOTPETH MOIYOTPAHUICHHYIO CpeNly, TUAIEKTPH-
YecKasi MPOHUIIAEMOCTh KOTOPOI U3MEHSETCS 0 3aKOHY

e(t,x,w) =g, (60){1 +m [ ol ont=kax) | =it —kx) ]} 2

(OCh X TIEpIEHIUKYJIIPHA TPAHUIIC pa3zesa).

[IycTb BONHBI Ha YAacTOTax @; U @, UMEIOT KOMINOHEHTHl £, = E, H,, H, H,, a
HX BOJHOBBIC BEKTOPBI 00Pa3yroT ¢ OChIO X YIiibl #1 U 6. Toraa 3JeKTpUIecKoe mo-
Jie B cpesie OyIeT ONMUCHIBATHCS YPAaBHEHUSIMHU

# XOTO. 1962. T. 43. C. 351-353.
! KoathduUUMEHT MOAYMSILMM M NPU WCMONb30BaHUN COBPEMEHHbIX KOMEPEHTHbIX reHepaTo-
pOB cBeTa MoXeT 6biTb ~107-107° (cmM. [7]).
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and the summary field can be written in the form
E = E\(x)exp{i(ant —kr)} + E (x){~i(@,t —k,r)} +c.c.,

k =wc e ().

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 £ ,. It turns out here that
the presence of the term ¢F in equation (3) appreciably influences the behavior of
the amplitudes £, and can lead to amplification only if the following relation
(momentum conservation law) is satisfied:

kl +k2 :kp' (5)

4

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

dE, imk, dE,  imyk,
—=-—-F, —=—"F
dx 2cos 6, dx  2cos6,
and consequently
d’E, _ mymykik,
dx*  4cosb cosb,

E, (m;=m(e)). (6)

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

a= %[mlmzklk2 /cos 6, cos 02]1/2

Assuming that | = E; and £, = 0 when x = 0 (oscillations of “difference” frequency
s, 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, = iEg\Jmyk, cos 6, /mk; cos @, sinh ax.

(7

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 w,
or for the refractive indices

2 Of course, if (5) can be satisfied at all.
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16°D_0°E . 0°E
¢ o o078 ox’

D=c¢E, 3)

a CyMMapHO€ I10JIC MOYXHO 3aIllicaTb B BUAC
E = E/(x)exp{i(oyt =K )} + E; (x) {~i(w,t —k,r)| +K.c.,

k[ = a)l«C_lﬂgo (a)i).

Ioncrasmsist (4) B (3), yuntsiBast (2) u (1) u cobupasi COCTaBISIOMINE C Yac-
TOTaMH ) U (3, MOXKHO HOJY4HUTh IU(QepeHunanbHble YpaBHEHNS, XapaKTepu-
3yIOIIME M3MEHEHMs B IIPOCTPaHCTBE aMIUIUTYH E,. IIpu aToM okasbiBaercs, 4To
Haju4aue 4ieHa eF B ypaBHeHHH (3) CyIIECTBEHHO BIUSET Ha IMOBEICHUE aMILIUTY/T
E\, 1 MOXeT NpUBECTH K YCWIECHUIO JIUIIb MPHU BBIIOIHEHUHU CJIEIYIOIIEro COOT-
HOLICHUS (3aKOHA COXPAHEHUS UMITYJIbCa):

kl +k2 zkH. (5)

4)

J71st ManbIX m €CTECTBEHHO MPEANIOI0KUTD, YTO
d’E,;|dx’ < kdE,; [dx (i=1,2).
Torna ypaBHenus s £ ; UMEIOT BUJ

dE ___imk_ g dE, _ imyk,

dx 2cos b, > dx _2008192 :
U, CIIeJIOBATEIbHO,

d’E,  mmkk,

> 4cos b, cosd,

E, (m;=m(e)). (6)

U3 (6) BugHO, YTO B paccMaTpUBaeMoil cpezie BO3MOXKHBI IKCIIOHEHIIHAILHO Hapac-
TaIOIIME BOJIHBL, (aKTOp HapacTaHHsI KOTOPBIX

a= %[mlmzklk2 /cos 6, cos 6?2]”2

[Tonaras mpu x =0, uro E, = Ey 1 E, = 0 (konebaHus «pa3HOCTHOI» JaCTOTHI ;, HE-
00XOMMBIE JUISl yCUIICHHS, BOSHUKAIOT B HEIMHEWHOH cpelie, yroi ¢ omnpexaensercs
YCIIOBHSIMU TAJICHUSI U CBOWCTBAMU CPEJIbl, a yroil ¢, aBTOMAaTU4eCKH YCTaHABIIBA-
€TCsI, COTIIACHO yCIIOBUIO (5)2) Y HCTIOJIb3Yy S TPAHUYHBIE YCIOBUS, IOTyYaeM

E, = E,coshax,

. . (7)
E, = iEq\Jmyk, cos 6, /myk; cos 6, sinh arx.

J1si KOHKpeTH3anuu TpeOOBaHWNA K IUCTICPCHOHHBIM CBOMCTBAM HETHHEH-
HOU cpenbl (5) paccMOTpHM AJisl MPOCTOTHI ciay4all @i ~ w; =w. Torma u3 (5)
CJIEyeT, UTO IS TIOJTyYeHHs yCHIIeHHs (ha30Bast CKOPOCTh HAaKauKy (4acTora ~2a)

2 pazyMeeTcs, ecnu (5) MOXeT 6bITb BOOBLLE BbINOHEHO.
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n(@) > n2w). (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

£=8, [1 +my cos(@,t — k,x) + my, cos(w,t + kpx)].

Assume that the amplification conditions for the frequencies w; and w, are satisfied
in the directions 6, and 65, respectively. Then, by establishing the planes of the mir-
rors normal to rays / and 2, we can excite parametric oscillations at frequencies
close to w; and w,. The condition of self-excitation of the generator has the form

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

by the parallel mirrors®.

A factor limiting the self-oscillation amplitude is the reaction of this oscilla-
tion on the pumping field. This means that the efficiency of the generator under
consideration must be sufficiently high. Thus, a crystal with nonlinear polarizability
excited by an intense light wave can serve as a tunable light amplifier or generator
of appreciable efficiency. By varying the anisotropy parameters of the crystal by
means of the external field it is possible to modify the conditions of energy ex-
change between the waves and consequently modulate the amplified or generated
oscillations.
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AO0JDKHa NPEBLIIIATH (1)8.30BYIO CKOpPOCTb BOJIHBI Ha
qacTOTC w, UJIH I oxKasareliei IIPEIIOMIICHUA
n(@) > n2w). (8)

YcnoBue (8) MOXKEeT OBITH BBITIONHEHO, HAIpUMEp, B
OJTHOOCHOM OTPHLIATEIIEHOM KPHUCTaIIe, €CIH 4acToTa
@ (curHan) Bo30y>kiaeT OOBIKHOBEHHYIO BOJIHY, & Yac-
ToTa 20 (HaKayka) — HEOOBIKHOBEHHYIO (CM. TaKke
[2]). Cka3anHOE O3HAYAET, YTO B TAKOM KPHUCTAJIIC MO-
T'yT OBITh pEaM30BaHbI YCIOBHS HCCIICIOBAHHON BhIIIIE
3a/1a4u.

PaccMOTpeHHBIIT MEXaHU3M YCHJICHUS MOXKET OBITh MCIIONB30BaH Ul IO-
CTPOCHUS TIEpECTPanBAEMBIX 110 YaCTOTE KOTEPEHTHBIX ONTHYECKUX T€HEPaTOpPOB.
OpHa 13 BO3MOXKHBIX CXEM TaKOro reHeparopa Moka3aHa Ha pucyHke. OrpaHuueH-
HBIH C IBYX CTOPOH KPUCTAJUT TOMEICH MKy JBYMS IapaMH MapaulelbHbIX 3ep-
KaJI. B aTOM ciydae muanekTpudeckas IpOHUIIAeMOCTh UMEET BT

£=g, [1 + my, cos(w,t — k,x) + myg, cos(w,t + ka)].

ITycTb ycnoBus yCHIEHUS UL 4aCTOT (0] U (0, BBIIIOJIHEHBI B HAIPABICHUSX COOTBET-
crBeHHO 0 u 6,. Toraa, ycraHaBIHBas TNIOCKOCTH 3€PKal HOPMAIBHO K JTydam [ u 2,
MOHO BO30yIUTh MapaMeTpHyecKue KoieOaHUs Ha YacToTax, ONM3KUX K W) U M.

YcnoBue camoBO30YXIeHHS TeHepaTtopa umeeT Bua m >1/{/ 0,0, ,tne 0, — moob-

POTHOCTH ONTHYECKHX PE30HATOPOB, 00Pa30BAHHBIX MAPAILICIBHBIMU 3ePKAIAMI .
[TpranHOM, OrpaHUYMBAIOIIEH aMILIUTYTy caMOBO30YKIAIOIIUXCS KOIeOaHHHA,
SIBIISTETCST OOpaTHas X PeakiTis Ha IoJie HaKauku; 3To o3Hadaer, uto KIIJI paccmar-
pUBAEMOr0 TEHEPATOpa JOJDKEH OBITh JOCTATOYHO BBICOK. Takum oOpa3zom, BO30YX-
Jlasg KPUCTAJUT C HENMHEWMHOW NOJIIPU3YEMOCTBEO MHTEHCHUBHOW CBETOBOM BOJHOM,
MOXKHO peallu30BaTh MEPECTPAUBAEMbIE 10 YaCTOTE YCUJIMTEIN U T€HEPATOPhl CBETA
co 3HauutenbHbIM KIIJI. MI3MeHssi mapamMeTpbl aHU30TPOIMUA KpUCTalIa BHEITHUMU
MOJISIMHM, MOYXKHO BJIMSATh Ha YCJIOBUS DHEProOOMEHa MEXIy BOJHAMH H, CIICAOBa-
TEJBHO, TIPOU3BOINTH MOTYJISIIVIO YCUIMBAEMBIX WA TEHEPUPYEMBIX KOJIeOaHUH.
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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; > wsy, way or wy; > w3y, wiy. In the first of these cases a negative
temperature state arises between levels 1 and 2, in the second between 3 and 2.

In order to obtain more accurate quantitative relations we shall assume that
the system is rapidly heated from temperature 7; to a temperature 77> 7;. The
change in population between the levels is described by the system of equations

dny [dt = —(ws,+ Wy )3+ Wysny + wisny, (0
dn, [ dt = —(Wy1+ W3 )y + Wials + Wiy,
m+n, +n; =n, (2)

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

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

H.l. bacos, A.H. OpaeBckwii

dusnyecknin MHCTUTYT uM. MN.H. Jlebeaesa Akagemumn Hayk CCCP
Moctynuno B peaakuunto 19 oktabpsa 1962 r.

OO0parmaercst BHUMaHHE Ha TO, YTO TPH OBICTPOM W3MEHEHHH TEMIIepaTyphl CHC-
TEMBI B CHITy Pa3jii4vsl BpEMEH pellakcalliy IS Pa3HBbIX DHEPreTHUECKUX ypOBHEW B
TMpoLIeCCce YCTAHOBJIEHHS TEPMOIMHAMHUYECKOTO PAaBHOBECHS /I HEKOTOPBIX Map SHep-
TeTHYECKUX YPOBHEN MOKET BOZHHUKHYTh COCTOSIHHE C OTPHUIIATEIHbHON TEMIIEPATyPO.

1. B psize KBaHTOBBIX CHCTEM MOXKHO BBIIECIHUTH TaKHE IOACHUCTEMBI, BPEMS
YCTaHOBJICHHSI PaBHOBECHSI MEKIY KOTOPHIMH 3HAUUTENIHHO OOJbIIe BPEMEHH YCTa-
HOBJICHHS PaBHOBECHS BHYTPH KaKAOW IMOJCHUCTEMBI, MPUYEM BO3MOXHBI H3JTy4a-
TENBHBIEC MEPexXobl MEXAY noacucreMamu. [Ipu JOCTaTOUHO OBICTPOM M3MEHEHUH
TEPMOTMHAMUYECKOTO COCTOSHHUS BHYTPH Ka)XKJIOW ITOJICICTEMBI PABHOBECHE yCTaHO-
BUTCSI JIOCTaTOYHO OBICTPO, HO OyJeT OTCYTCTBOBaTh PABHOBECHE MEXIY ITOJICHCTE-
MamH. B 3TOM ciyyae MOXeT BO3HHKHYTH COCTOSHHE C OTPHULIATENLHOM TeMIepary-
POM IO OTHOLIEHHUIO K IIEPEX01aM C SHEPIreTUUECKUX YPOBHEN OJHOM IIOJCUCTEMBI HA
YPOBHH JIPYTOil.

2. PaccMoTpuM TpexXypoOBHEBYIO CHCTEMY, HMEIOIIYIO pa3HbIE BpEMEHa PellaKca-
MM MEXITY pacloIOKEHHBIMH TIOCIEA0BATENbHO OJMH HaJl APYTUM YypoBHAMH 1, 2, 3.

Ecnu BeposTHOCTH Tiepexojia ¢ ypoBHS 1 Ha ypoBeHb 3 3HAUMUTENBHO OOJIBIIE
TaKOBBIX IS TIEPEXOJIOB ¢ YPOBHS 1 Ha ypOBEHB 2, M ¢ YPOBHS 3 Ha YPOBEHD 2 (W, H
W3;), TO TIPH PE3KOM MOBBIMICHUH TEMITEPaTyphl TEPMOANHAMHYECKOE PaBHOBECHE
OBICTPO YCTaHOBUTCS MEXKAY YPOBHSIMHU | 1 3 U OyIeT HEKOTOpPOe BpeMsl OTCYTCTBO-
BaTh paBHOBECHE MEX Ty YpoBHAMHU 1u 2 1 3 11 2. B TakoM ciTydae MOKET BOSHUKHYTh
COCTOSIHHE C OTpULATENILHOW TeMIepaTypo 10 OTHOLIEHHIO K ypoBHsIM 3 u 2. To xe
caMoe MOKET OBITh U NP OXJIAXKICHUH CUCTEMBI, HO TIPU APYTOM COOTHOLICHUH Me-
KTy BEpOATHOCTSIMHU Tiepexo/ia. B aToMm ciydae JOMmKHO OBITh Wiy > Wi, W H Wy >
> W31, W3. B IepBOM U3 3THX CiTydaeB BO3HHKAET COCTOSHHE C OTPHIATETIHHOMN TeM-
neparypoil Mexay ypoBHAMU 1 U 2, BO BTOpOM — MeXIy 3 U 2.

Jns nomydeHus: 6osee TOYHBIX KOJIMYECTBEHHBIX COOTHOLICHHMH IMPEIIoJio-
JKUM, YTO CHUCTeMa OBICTpO HarpeBaeTcs OT TeMIlepaTypbl 1, A0 TeMIeparypsbl
T > T,. I3MeHeHne HAcEeIEHHOCTEH MEXIy YPOBHSIMH OYIET ONHCHIBATHCS CHCTE-
MOH ypaBHEHUH

dny [ dt = —(ws;+ wsy )iy + W3ty + Wiy,

(1)

I’l1+l’lz +l’l3=n0, (2)

dn, [ dt = —(Wyy+ W3 )1y + Wiyl + Wipny,

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

negative temperature lishment of a negative temperature state is

max(n; —n,)=A(1—a) e M 4 B(1-b) ey Ny — Hyg > 0, 3)
where

b=t | -BUD A, (4)
b =4 A(l—a) 4
In these formulas,
A:nzo_Nz—(”zo_Nz)b anzo_Nz_(n3o_N3)a
b—a ’ a-b ’

Ns, N,, n30, and ny are the equilibrium values of the populations at the initial and fi-
nal temperatures, respectively;

a=(4-a)/p, b=(4L-a)/p, =Wy + W3+ Wy,
B=Ws—Wy, O=wy+Wy+Wy, J=w,— Wy,

and 4, 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; < hv,1/k we will have N, = N; = 0.
Then (3) and (4) are equivalent to the simple relation

Wip < Wi3. )

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(hvy, [kT; ) < 2exp(hvs, /KT,). (6)

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

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

It is known [1] that, because of the Pauli principle, parahydrogen has only
even rotational levels (rotational quantum number J even), and orthohydrogen has
odd rotational levels (J odd). A transition involving a change in rotational energy
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e n; — HACEJIEHHOCTh I-T0 JHEPreTHYECKOro
YPOBHS, W;; — BEPOSATHOCTH MEPEX0Jia B CIUHUITY
BPEMEHHU C YPOBHS i HA YPOBEHb X.

KauecTBeHHBIH BUJ BO3MOKHBIX W3MCHEHHH
Pa3HOCTH HACEJICHHOCTEH CO BpEMEHEM TOKa3aH Ha
pucynke. (IIpomeccsl permakcaluu BCErAa HOCIT — ppo om0 DA3HOCTH HACEIIEH-
anepuoAMYECKUi Xapaktep.) bmarompuatHoe mM3- | reir An=n3—n, co BpeMe-
MCHCHHE JUIS IOIYYCHHs COCTOSHHS € OTPHUA-  pey. amTpuxoBaHHAA 06MACTE
TENILHON TEMIIEPATYPOH MPEJICTABICHO HA TPADUKE  coOTBETCTBYET OTPHIATENBHOIM
KUPHOH KpuBOH. OTIMYUTENBHOH €€ OCOOEHHO-  Temmeparype
CTBIO SIBIIAETCS HAJIHYHE IOJIOKUTEILHOIO MAaKCH-

MyMa TIpH ¢, > 0. IToaToMy HEOOXOAMMBIM ¥ JOCTATOYHBIM yCIIOBUEM BO3HHUKHOBE-
HUS COCTOSIHUS C OTPULIATESIFHOM TEMITepaTypOl SIBISICTCS

max(n; —n,)=A(l1—a) e M 4 B(-b) e 4 Ny — Hyp > 0, 3)

IpU4eM

LB sl

th = n
A=A A(l—a) 4

4)

B sTux dopmynax

— N, —(nyy — N3)b B:nzo_Nz_(”ao_N3)a
b—a ’ a-b

Moo
A= ,
N3, N, 130, 1) — PaBHOBECHBIE 3HAYEHUS HACEIIEHHOCTEH COOTBETCTBEHHO IIPH Ha-
YaJIbHOU U KOHEYHOU TEMIEPATypax,

a=(L-a)/p, b=(L-a)/p, o =wy + W3+ Wy,
B=Wis—Wy, O=wy+Wy+Wy, J=w,— Wy,

A1 ¥ 1; — KOPHHU XapaKTepUCTHUECKOTO YpaBHEHUs cucTeMsI (1).

Ycnosus (3) u (4) naroT HaM HEOOXOIUMBIE COOTHOIIEHUS MEXTy Ty, T U
BEPOSATHOCTSAMHU Tiepexoaa wy. B dactHoctH, npu T, < hvy/k Oyner N, = N; = 0.
Torma (3) u (4) SKBUBaJECHTHO MTPOCTOMY COOTHOIIECHHUIO

Wip < W3- )

Ycnosus (3) u (4) kmaayT mpenen Ha4YaabHOW TeMIieparype, Tak Kak MpU OYeHb
0O0JBIIION TeMIIepaType HH MPH KaKOM COOTHOUIEHHH MEXAY BEPOATHOCTSMH IIepe-
X0Jla He MOXKET BO3ZHUKHYTh COCTOSIHHE C OTPUIATEIbHON TeMIepaTypoil. ITo mpo-
M30HIET B TOM ClTydae, eciu

N;+ N, <2N,
170031

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

AHaNOTUYHBIA aHATU3 MOXKHO MPOBECTH U A ciydast 1, > T, T.e. Ipu pes3-
KOM OXJIaX/IEHUU CHCTEMBI.

3. KOHKpETHBIM MPUMEPOM TAaKOW CHUCTEMBI MOXKET CIIYXHUTh CMECH Iapa- U
OpTOBOOPOJA.
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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

vacn N Jodd (7)

para ortho*

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
1 ~
o = (= vy / [¢.@ar, 9)
T;

where 7; is the population of the working level of the “heated” subsystem, and 7 is the
population of the working level of the “cooled” subsystem, whereby E; > Ej; C~’D is the
specific heat of the “heated” subsystem; 2 hvy(n;,—ny) is the maximum radiated energy.
Sufficiently fast heating of the system plays an important role in this method
for increasing negative temperatures.
In some cases this can be accomplished using fast chemical reactions or
shock waves.
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NzBectHO [1], uTo B cmry mpunItuna Ilayiawm mapaBomopoa MMeEeT JIIIb YeT-
HBIE BpalllaTelIbHbIe YPOBHU (BpalaTelbHOe KBAHTOBOE YHCIIO J YE€THO), 2 OPTOBOAO-
POl — HedYeTHbIe BpaliaTelbHble ypoBHU (J HeueTHo). [lepexon ¢ n3mMeHeHneM Bpa-
naTenpHoi sneprun J — J £ 1 T0mKeH CONPOBOKAATHCS U3MEHEHUEM MO TU(PHUKAITUH
MOJIEKYJIBI ¥ TIO3TOMY MajoBeposiTeH [2]. B cuity 3Toro cMech opTo- U mapaBo1opoia
BesleT cesl Kak BYXKOMITOHEHTHBIH ra3, U MPU U3MEHEHUH TEMITEPaTyphl B CUCTEME
JTIOBOJIFHO OBICTPO yCTaHABJIMBAETCS TEIJIOBOE PABHOBECHE 110 SHEPTHH ITOCTYIATENb-
HOTO JIBW)KEHHUS M BHYTPEHHEHW SHEPTUH KaKAOH KOMIOHEHTHI, HO IS TOCTIDKEHHS
paBHOBECHS MEXIy KOMITOHEHTaMH HEOOXOAMMO JOCTATOYHO JOJITOE BpPEMS, €CITU
HET KaTaJnu3aTopa, yCKOPSIoero 3ToT nporecc. [lycTs Mbl nMeeM OOBIKHOBEHHBIMH
BOJIOpO/1 (OTHOIIIEHHE OPTO- U MapaBojopoaa pasHo 3:1). Ecimu ero oxnamute B pu-
cyrerBuM Katanmsaropa 10 7'< 20 K, To oH mepeiiier B UMCTHIA apaBOIOPOa B CO-
crostany ¢ J = 0. IIpu mocmeayromiemM HarpeBe 0e3 Kataam3aTopa OyAyT 3aIlOTHATHCS
BpalarelbHble YPOBHU C YETHBHIM 3HAa4eHHEM J. YPOBHU ¢ HEYETHBIM J OyIyT ocTa-
BaThCS MTYyCTHIMU, U BOSHUKHET OTPHIIATENbHAS TEMIIEpaTypa 1O TIePEXOTY

J‘ICT _) JHel{eT' (7)

mapa opto

Eme onxHMM npuMepoM CUCTEM, AOIYCKAIOIIUX Pealu3altio INpenIaraeMoro
METOAa, SBISIOTCS MOJIEKYJbl THIIA CUMMETPUYHOTO BOJNYKAa. B 3THX Monekymax
CUWJIBHO 3ampelteHbl nepexoasl ¢ AK # 0 [2], Tak 4yTO npU JOCTATOYHO CHIBHOM OX-
JaXJECHUM Ta3a, COCTOSAIIETO U3 MOJIEKYJ TUIa CHMMETPUYHOIO BOJYKA, BCE MOJIe-
KyJIbI OKaXyTcs Ha ypoBHsX J = |K| U 4McI0 MOJIeKyNl Ha AaHHOM ypoBHE J = [K]
ONpEIEIUTCS] CYMMHPOBAaHHBIM 1O BceM cocTosHusM J'K ¢ J' > J npu HayaibHOU
TeMIeparype raza. B cuiry Takoro pacnpeneneHusi MOJIEKyJI 110 YPOBHSIM, BO3HHKa-
€T COCTOSIHUE C OTpULATEIbHON TeMIepaTypoi ams nepexonoB ¢ AK # 0.

4. MOXHO O1IeHUTh K03(D(DUIIHEHT MOJIE3HOT0 ACHCTBHS TOAOOHBIX CUCTEM #:

n= EI/IBJ'I/EHOFJ'I‘ (8)

MakcuManbHBIH K03Gh(OUIIUEHT MOJIC3HOTO NEHCTBUS #max MBI TIOJTYYUM B TOM
clly4ae, €CIH YCTaHOBJICHHE PABHOBECHUS MEXAYy YPOBHSAMH AHCKPETHOW YacTd
CIIEKTPa OJHON W3 MOJICUCTEM W BBHICBEYMBAHWS 3aIIACEHHOW MPHU 3TOM DHEPTHU
MPOUCXOAUT HACTOJILKO OBICTPO, UTO BTOPAsl U3 MOJCUCTEM 33 3TO BPEMsI CyIIECT-
BEHHO HE MEHSET TeMIIepaTyphl:

T,
ows = 0= | [ C(T ©)
T,
TJie 7; — HACEJEHHOCTh pab0dero YpoBHS «HArpeTO» MOACHUCTEMBI, 1, — HaCeJeH-
HOCTBH pabouero ypoBHS «XOJIOAHOI» IMOACUCTEMEI, IpuieM E; > Ej; C‘U — TEIJI0eM-
KOCTB «HATPETOM» MOJICUCTEMBI; /2 hvy(n;— ny) — MaKCUMaJlbHasl SHEPT U H3ITyUESHUSL.
B paccMoTpeHHOM MeToje TOBBINICHHUS OTPUIATENFHBIX TEMIIEpaTyp Ba-
HYIO POJIb UTPAET JOCTATOYHO OBICTPHII HATPEB CUCTEMBI.
B psine ciyyaeB 3To MOKHO OCYIIECTBUTD, UCIIOJB3YsI OBICTPO MPOTEKAIOIIHE
XUMHUYCCKUEC pC€aKIIMU WJIN YAapHBIC BOJIHBI.
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Exciting of a semiconductor quantum generator
with a fast electron beam?

N.G. Basov, 0O.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 ps 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. borgaHkesndy, A.I'. []leBATKOB

dusnyecknin MHCTUTYT uM. MN.H. Jlebeaesa Akagemumn Hayk CCCP
Moctynuno B peaakunto 12 despana 1964 r.

Panee yxe coobmanocs [1, 2] o mepBbIX OMbITaX MO BO30YXKACHHUIO C TIOMO-
IIbI0 MTy4YKa OBICTPBIX AJIEKTPOHOB HEPABHOBECHBIX HOCHTENIEH B 30HAX IMOJYMPO-
BOJIHMKA C IIEJIBIO CO3JaHUS COCTOSIHUS C OTpULIaTeIbHON TemnepaTypoil. B nanHoi
3aMeTKe COOOIAeTCsl O MEPBBIX PE3yJIbTaTax 3KCIIEPUMEHTOB IO MOJYYEHHUIO BbI-
HY>KIICHHOTO M3TydeHus n3 kpucramia CdsS.

IMpu obmydennn MoHokpuctamia CdS, moMenieHHOro Ha XJIaAONpOBOAE B
TeITUEBOM KPHOCTATe, ITyYKOM 3JIEKTPOHOB ¢ 3Heprueit ~200 k3B Habmronanocs uH-
TEHCHBHOE H3JTy4eHHE B 3€JICHOH YacTH CIEKTpa ¢ JIHHON BOIHEI 4966 A. Ipn
YBEIMYEHUH TUIOTHOCTH TOKAa MHTEHCHBHOCTH CBEUYEHMS pe3Ko Bo3pactana. [lpu
M3MEHEHHUH IIJIOTHOCTH TOKa B TP pa3a BBILIE TOPOrOBOTO MHTEHCHBHOCTH CBEYE-
HUSl YBEJIMUMBAJIACH Ha ABa nopsiaka. OMHOBpEMEHHO HAOIIONATIOCh CyKEHUE JIMHUN
mnydenus ¢ 35 10 7 A. TIoporoBelii TOK CHIIHO 3aBHCEN OT KA4eCTBA KPUCTAILIOB.

VYcraHoBKa paboTaia B UMIYJIbCHOM PEXHME C JUIUTEIBHOCTHIO UMITYJIHCOB
TOKa 2 MKCEK U 4aCTOTOH B HECKOJIBKO IECITKOB repi. [Ipn Manbix miIOTHOCTAX TO-
Ka JUIMTEJIBHOCTh MIOCIECBEYEHUS KpUCTaa [0CiIe KOHIA UMILy/Ibca TOKa COCTaB-
nsna 2 Micek. [1pu MakcuManbHBIX MIIOTHOCTAX TOKA MMITYJIBC CBETAa TOYHO COBIIA-
JlaJI IO BPEMEHH C UMITYJIbCOM TOKA.

IIpoBeneHHbBIE OMBITHI TOKA3bIBAIOT BO3MOXKHOCTh HCIIOJIB30BaHU ITyyKa OBICT-
PBIX AJIEKTPOHOB I BO30YKIESHUS MOJTyTIPOBOIHIUKOBBIX KBAHTOBBIX T€HEPATOPOB.
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Observation of parametric amplification
in the optical range®

S.A. Akhmanov, A.I. Kovrigin, A.S. Piskarskas, V.V. Fadeev,
and R.V. Khokhlov
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Submitted July 23, 1965

We report here the results of an experiment in which we observed directly
parametric amplification of an optical signal with wavelength A;=1.06 um in a
KDP crystal excited by an intense pump wave with 4, =0.53 pm. 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 4; = 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):

k; + k, = k,. (1)

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

2 2 2 42 @, —w o, -,
2= 2r a’lszp.thr (e r” epez)(ezl ' epel) 58 2
0 — 2 — — ——— — — 0U10). ( )
¢ kiky  —cosk;s, coss,z, cosk,s, coss,z,

Here e; are unit vectors characterizing the polarization of the interacting waves,
s; are their ray vectors, zy 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 @,,. When 4,< 4,4 a wave of fre-
quency oy (signal wave) attenuates on entering the crystal, and the supplementary
wave of frequency @,, which is produced in the crystal, first increases and then also
attenuates. Therefore indirect measurements of parametric amplification, for exam-
ple, by recording the difference-frequency oscillations (the procedure used in [4])
are not always reliable enough.

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

C.A. AxmaHoB, A.N. KospuruH, A.C. lNMuckapckac, B.B. ®dajgees,
P.B. Xoxsnos

dusmyecknii pakynbtetr MY nm. M.B. JlomoHocoBa
MocTtynuno B pegakuuto 23 niona 1965 r.

[Ipenmerom HacTosIIEro COOOIIEHUS SIBIISETCS U3JIOXKEHHE PE3YJIbTaTOB IKC-
MEepUMEHTa, B KOTOPOM HETOCPEACTBEHHO HAOIIOAAIOCH TapaMETPUIECKOe YCUICHHE
OINTHYECKOTO CUTHaja ¢ JIMHON BOJHBI A, = 1,06 MkM B kpuctamie KIIII, Bo3Oyx-
JTACMOM MHTCHCHUBHOW BOJIHOW Hakauku ¢ Ay = 0,53 mxm. [IpeayiokeHus 0 BO3MOXK-
HOCTH pealM3aluy YKa3aHHOTO 3deKTa B ONTUYECKOM AHUAIa30HE U ero TEOpus U3-
noxenbl B [1-3]; pe3ynbTaThl OIBITOB, B KOTOPBIX MPOWU3BOAMIACHE KOCBEHHAs
perucTpanys napaMeTpruIecKoro ycuiieHus Ha BosiHe A, = 0,63 MM, orucaHsl B [4].

B HenuHelHON cpejie ¢ moJigpu3aiuend, KBaJpaTUyHO 3aBUCAILECH OT Hamps-
JKEHHOCTH 3JIEKTPUYECKOTO TI0JIsI, YHEPTUsl MHTEHCHBHOM BOJHBI HaKayku (4acToTa
@) MOXKET TIepeaBaThCcad BOJHAM C YaCTOTaAMH @y U (), yIOBIETBOPSIONIUMH CO-
OTHOIIEHUIO @y, = @ + a». [lepenada sHeprun npoucxoaut Hanboee 3PpPeKTUBHO,
€CNIM BBITIOJHSETCA CJIEAYIOIIee COOTHOIIEHHE MEXKAY BOJHOBBIMU BEKTOPAMHU
B3aMMOJICHCTBYIOLINX BOJIH (TaK Ha3bIBa€MOE YCIOBHUE CUHXPOHU3MA):

k1 +k2:kH. (1)

D¢ ekt napaMeTprUuecKoro YCHUIICHHs 00J1aaeT YeTKO BBIPaKEHHBIM T1OPO-
rom. [IpubmikeHHOe COOTHOIIEHHE (CIIPaBEUIMBOE IMPU JOCTATOYHO OOJBIIONH
JUTMHE KpHCTaJuIa /) Ui onpeeeH s IIOPOrOBON aMIUTUTYAbl HAKAYKU Ay nop HME-
et BuA [2]:

2 2 2 42 Wy~ Wy~
- 21\ Oy Ay, (11 e.e)(ey e.e) 58 2
0= 2 — — — — = 010;. (2)
c kk, —cosk;s; coss,z, cosk,s, coss,z,
3nech e; — EOUHUYHBIE BEKTOPa, XapaKTEepPH3YIOIINE TOJSIPU3ANNI0 B3aUMOJCHUCT-
BYIOIIUX BOJH, §; — HX JIy4eBbI€ BEKTOpa, Z; — HOPMaJb K TPaHUIIC HETUHEHHON
cpenpl, ¥y — creKTpaibHble KOMIIOHEHTBI TEH30pa HEJMHEHHOW MOJISIPU3yeMO-

CTH, & — JEKPEMEHTHI 3aTyXaHUs Ha YaCTOTaxX @ . lIpu Ay, < Ay nop BOTHA, BXOAAIIAS
B KpUCTaJT HA YacTOTe @ (CUTHAJIbHAs BOJIHA), 3aTyXaeT, a POAUBIIAACS B KPUCTAJ-
Jie IOTIOTHUTENbHAS BOJIHA C YaCTOTON @), CHadaya pacTeT, a 3aTeM TaKKe 3aTyxaeT.
[ToaToMy KOCBEHHBIE METOIBI M3MEPEHHS MapaMETPHUECKOTO YCHUJICHHS, HaIprMep
M0 PErHCTpaIK KOJIicOaHWH Pa3HOCTHOW YacTOTHI (MMEHHO Takas METOIWKa ObLia
npuHsATa B [4]) He Bcer/ia OKa3bIBAOTCS JIOCTATOYHO HA/ICKHBIMH.

? MucbMa B XXIT®. 1965. T. 2. C. 300-305.
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Oscilloscope
. .
l\ | I | ﬁs
KDP-I g
1.06 pm 1.06 pm1.06 pn 1.06 ump—!-06 ym l g
QoA |
0.53 um*=0.53 pm 0.53 pm' T
Glass:Nd** KDP-I  F, L F, D

Fig. 1. Block diagram of experimental setup: filter S3S-21 (F)), infrared filter IKS-1 (F3), dia-
phragm (D), cylindrical lens (Z,), plane-parallel plate (P)

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

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

The most illustrative results are those obtained by photography of the output
signal. Figure 2 shows curves obtained by photometry of the photographed cross
section of the signal beam at the output of the amplifier crystal. The abscissas repre-
sent the angle € measured from the synchronism direction in a plane passing
through the optical axis; the ordinates represent the signal power in relative units.
Curve / 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 Aé?;e): 10’. The maximum gain Gy, corresponds to the
exact synchronism direction. In our experiments, Gy, fluctuated from flash to flash
(see Fig. 2); the average value registered experimentally was G, =2.5. The theo-
retical value G =exp[2(I',—&,)!] for our experimental conditions amounts to
14 (we used the following values: T'y=2.2x10°4,cm™' (4, is in V/em), S,=
=10® W/em?, /=3 cm, and &, =0.05 cm'). The theoretical value of AQS) (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
]
| |
OOy
KAII-11
1,06 MKM 1,06 Mxm[1,06 MKM 1,06 Mk 106M1<M
S e »E i)
0,53 mxM™ 0,53 MM 0,53 MKkM T POy
Crexno:Nd*™™ KIOII-I @, 11 I D,
Puc. 1. brnok-cxema 3KcIiepUMEHTaIbHON yCTaHOBKH: @ — (QUIBTP C3C-21, @, — uH-

¢dpakpacubiit punstp UKC-1, [/ — nuadparma, JI; — nunuHapudeckas J1un3a, /7 — mioc-
KoIapajuleNbHas INIaCTHHKA

B mammux ombiTax ¢ kpuctamamu KJIIT ycmosue (2) ymoBIeTBOPSIIOCH TpH
HCTIOJIb30BAHAH B KAUECTBE 'E€HEPATOPA HAKAUYKU ONTHUECKOTO YIBOUTEIS YaCTOTHI .
bnok-cxema skcriepuMeHTANFHONW yCTAaHOBKM IMOKa3aHa Ha puc. 1. 3mech masep Ha
CTeKJIe, aKTHBUPOBAaHHOM HEOJMMOM, HCIIOB30BAJICS B KAUueCTBE 3a/alOILEro IreHe-
paropa yasouresns yactotsl (kpuctamn KJII-1 mmunoit / =3 cM) 1 0qHOBpEMEHHO B
KadecTBe TeHepaTopa yCHINBaeMOro curHaia. Ha BbIXoze y/IBOUTEINS YacTOTHI COOT-
HOIIIEHHE MOITHOCTEN BTOPON rapMOHUKH (P,) 1 OCHOBHOTO M3iydeHus (P;) cocras-
nsto Py/Py = 0,2-0,3. Tlocne cuctembl GuIbTpoB @ 3TO OTHOIIECHHE CTaHOBUJIOCH
paBHbIM P,/P; =10"-10°. Takum 06pazom, Ha BTOPOii, YCHIHTEIBHBI KPHCTAILI
KJIT momaBancs ciadwrii curaan (A, = 1,06 MkM) ¥ MOIITHAsE BOJTHA HaKadku (A, =
= 0,53 mkm). BonHa Hakauku (okycupoBanachk Ha kpuctamt KJII-1I (/=3 cm) ¢ mo-
MOIIBIO MMIMHAPHYEeCKOW TuH3bI JI; ((oKycHOe pacctostHHe 13 cM), Tak YTO IUIOT-
HOCTh MOIIHOCTH HAKAuKM BO BTOPOM KpHCTaUle gocTurana S,= 100 MBr/cm®. s

pErucTpalyy u3MeHeHUs] UHTeHCUBHOCTU curHana B kpuctamie K/II-IT ucnons3osa-
JIach JABYXKaHAIbHAS (POTORIEKTPUIECKas cXeMa WU (POTOIUICHKA.

HawnbGoiree HariassgHBIMA SBJISIOTCS Pe3YyJIbTaThl, MOIyYEeHHBIC TIpH (oTorpa-
(uUecKol perucTpalui BBIXOJHOTO curHajia. Ha puc. 2 mpuBeneHbl KPHUBBIEC, IMO-
JMydeHHbIEe myTeM (oToMeTpupoBanus (otorpaduil MONEPEUHOTO CEUCHHS Jyda
CUTHaJIa Ha BBIXOJE yCUIUTENIbHOro Kpructamia. [lo ocu abcruce oTmoxxeH yron 6,
OTCUHTHIBAEMBIA OT HAIIPaBJICHHWS] CHHXPOHHM3MA B INIOCKOCTH, IIPOXOJSINEH depe3
ONTHYECKYI0 OCh; MO0 OCH OPJUHAT — MOIIHOCTh CHUTHAJIa B OTHOCUTENBHBIX €lIU-
Huiax. KpuBas / COOTBETCTBYET «BBIKIIFOUEHHOM» Hakauke, a KpuUBble 2—5 —
«BKItOUeHHOM». [IpudyeM mocieqHue MONyYeHBI NMPU OJAMHAKOBBIX KOHTPOJIHUPYE-
MBIX YCJIOBUSX ONbITAa. «BBIKIIIOUCHHE» HAKAYKUA OCYIIECTBISLIOCH JHOO C MOMO-
IBI0 MH(ppaKpacHOTO (QHIBTpa, OCTABIISIIONIETO MOITHOCTh CHTHAJIA TPAKTHICCKH
HEU3MEHHOH, JIMOO MyTeM W3MEHEHHsI OPHCHTAIMH JIyya HAKauyKh OTHOCHTEIHHO
HanpaBneHus cuaxpoHn3ma B kpuctaiwie KJII-1I (ycunenne nmpakTu4ecku IOJHO-
CTBIO TIPOITAIAJIO0 TP YTIIOBOM OTKJIOHEHUH, 00abIIeM 10).

W3 npuBeIeHHBIX KPUBBIX BHIHO, YTO 3aMETHOE TTapaMEeTPUIECKOE YCHIICHNE

MMEET MECTO JIMIIIb B CPABHUTEIHHO Y3KOM YIJIe Aﬁf): 10'. MakcuManbHOE yCH-

JeHUE G)pare COOTBETCTBYET TOUHOMY HAINPABJIICHUIO CUHXPOHW3MA. B Hammx ombl-
Tax BeMMUUHA Gy (PIYKTyHpOBama OT BCIBIIIKK K BCHBIMIKE (CM. PHC. 2); CpemaHee

! Bo3MOXHOCTb HabnoAeHNS HENMHENHbIX 3D(MEKTOB B MOME U3NyUYeHUs Takoro reHepatopa
6blna NnpoaeMoHCTpUpoBaHa paHee [5].
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1, re- u. called capture angle) is determined from the
condition A =kAOY=2kT, (here A=2k—k,
for rays deviating from the synchronism di-
rection). For our crystals k£=0.25x10*cm™
and AQS): 1.5'. The difference between

AH;” and Ae;e) is connected, in our opin-

20 15 10 5 6 5 10 15 20 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 II. At the same time, it
must be noted that the phase selectivity of the degenerate optical parametric ampli-
fier with multimode pumping (in our experiments the width of the pump spectrum
reached 10 A) is smaller than under single-mode conditions; the spectrum of the
multimode signal broadens upon interaction with the multimode pump; additional
modes appear, the gain of which is governed by the laws of nondegenerate paramet-
ric amplification.

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

We are grateful to V.G. Dmitriev for useful discussions.
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3HAYEHUE, 3aPErUCTPUPOBAHHOE SKCIIEPUMEH- 1, otn. en.
TanbHO, cocTaBisuio  G,,.=2,5. Teopern-

qeckoe 3HaueHnme G P =exp[2(I'y—5.)!]

JUIS  YCIIOBUiA, COOTBETCTBYIOIIMX OKCIEPH-
MeHTy, coctaBiser GU°P=14 (3mech uc-

[0JIb30BAINMCH  CAEAYIOUIME 3HAYeHHs: ['o=
=2210%4, cm"; rie A, BEIpaXKeHO B B/cMm, . L
S, =10°Br/em’; I=3 cm; 6.=0,05¢em ). Teo- 20 15 10 5 g 5 10 15 20

6, MuH

pETUYECKOE 3HAYEHHE AH;T) (Tax Ha3bIBae-
Puc. 2. Pacnpenenenve MHTEHCHBHO-
CTU CHUI'HaJIa Ha BBIXOAC yCHJIMTEIIBHO-
ycnosust:  A=kA Q;T): 2kT’y  (3mecb A= 1o kpucTauia 10 HanpaBICHUAM

= 2k, — ky; nst My4el, OTKIIOHSIONIMXCS OT Ha-

TIpaBlIeHusT CHHXpOHM3Ma). st Hammx Kpu-

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

cramioB k=0,25-10" cm ' u AH}(,T): 1,5'. Paznuuue AQ;T) u AH}(?) CBSI3aHO, TI0 HAIllEMY

MHEHHIO, C KOHEYHOH IIUPUHOMN CIIEKTPa U PACXOAUMOCTHIO BOJHBI HAKAUKH.
3HauuTeNnbHBIe (QIYKTYallid MapaMeTPUYecKOro YCHIJIEHHS OT MUMITyJbca K
UMIYJILCY ¥ HEOOJbIas (B CPaBHEHUH C TEOPETHYECKOW) BEIUYMHA CPEIHETO YCH-
JIEHHUSI MOTYT OBITH CBA3aHBI C OCOOEHHOCTSIMHE ITapaMeTPHIECKOTO B3aUMOICHCTBHS
B BBIPOXKJCHHOM pekuMe. J[eHCTBUTEIbHO, B BBIPOXKICHHOM PEXUME BEIUYHHA

ycmnenus paBaa G, kak M3BECTHO, JINIIb MPH HATHIMH ONTHMAIBHOTO CIBHTa

(a3 MexIy Hakadkoil U curHajgoMm. B Haimeil ycraHOBKe pouib (azoBpaimareis ur-
pana cucrema (GUIBTPOB, PACHONIOKEHHBIX Mexay kpuctamiamu [ u II. Bmecte ¢
TEM ClIeJlyeT OTMETHTh, YTO (Pa3oBasi CEIEKTUBHOCTD BHIPOXKIEHHOTO ONTHYECKOTO
apaMeTpUYECKOr0 YCHIIUTEN ¢ MHOTOMOJIOBOM HAaKa4yKOH (B HALIMX ONBITaX ILIH-
pHHA CreKTpa Hakayku gocturana 10 A) MeHblle, HeKETU B OJHOMOJIOBOM PEXHU-
M€; CIEKTP MHOTOMOZOBOTO CHI'Haja NMPH B3aUMOAEHCTBHHM C MHOTOMOJOBOH Ha-
KayKoM pacImpsieTcsl; MOSBISIOTCS TOTOJHUTENIBHBIE MOJbI, YCHJIECHHE KOTOPBIX
MPOMCXOAMT IO 3aKOHAM HEBBIPOXKICHHOTO N1apaMETPHUYECKOT0 YCHIICHHUS.

JlocTurHyToe HaMy 3Ha4eHHWE YCHUJIEHHWS JOCTAaTOYHO JJIS pealu3aluy mapa-
METPHUYECKOT'0 reHepaTropa cBeTa — MpHOOpa, MO3BOJISIOIET0 OCYIIECTBUTH IJIaB-
HYIO [epEeCTPOIIKY YaCTOThI KOT€PEHTHBIX ONTHUECKUX KOJeOaHMit’.
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The generation of negative-temperature states in semiconductors was pro-
posed and theoretically analyzed in [1-4]. The recombination luminescence in a
GaAs crystal pumped by a ruby laser was observed and experimentally investigated
in [5]. Here, we report the results of the preliminary studies of the induced
radiation and lasing of a GaAs semiconductor crystal pumped by a Q-switched ruby
laser.

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

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

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

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

the sample

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

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

dusnyecknin MHCTUTYT uM. MN.H. Jlebeaesa Akagemumn Hayk CCCP
Moctynuno B pepakuuio 4 aHBapsa 1965 r.

[onyueHne coCTOSIHUHM ¢ OTpULIATENIFHOM TeMIepaTypoil B MOIyIPOBOIHUKAX
OBLIO MIPEUTOKEHO U TEOPETUIECCKH uccienoBano B [1-4]. B [5] nabmoganocs u dKc-
MEPUMEHTAIFHO HCCIIEIOBATIOCh PEKOMOMHALIMOHHOE cBeueHne kprucraiia GaAs mpu
BO30YXKIICHUH €r0 CBETOM ONTHYECKOro KBaHTOBOro rereparopa (OKI') Ha pyOune. B
JAHHOH paboTe M3JIararoTcsl pe3yJbTaThl NPEIBAPUTEIIBHBIX UCCIEIOBAHUN MHIYLH-
POBaHHOTO H3IYYEHHS W TeHepaluu IOJYNPOBOTHUKOBOro Kpuctama GaAs mpu
B030yxaernu ero ceerom OKI Ha pyOHHE ¢ MOy ITMPOBaHHOH TOOPOTHOCTHIO.

Oobpaszer (puc. 1) pazmepamu 2x1 mm, TommuHOM 0,5 MM HU3rOTOBISIICS U3
MoHokpuctanueckoro GaAs. IlonupoBanHasi IIockas MOBEPXHOCTh oOpasma S,
oOydaemasi CBETOM HAKayKH, COBIAJaja C KpUCTALIOrpadMuecKON INIOCKOCTBIO
(111). [IBe mepneHAMKYISIpHBIE K HEH IIOCKOCTH S, S, COOTBETCTBYIOIUE KPH-
cramorpagudeckoit mrockoctH (110), 00pa3oBBIBaANIM TIOCKOTIAPAIUIETHHBIN PE30-
Hatop. O0pasen Kpenuwics: K XJIaJ0IPOBOY, OXJIaXKIAeMOMY KHIKAM a30ToM. Jlns
yaA00CTBa IOCTUPOBKH PSAAOM ¢ 00pasuoM momemnancs nHxkekinonueiii OKI™ u3 ap-
ceHna ramus. M3nydeHne ot MoHOKpucTaundeckoro oopasua GaAs (u OKI na
p—n-niepexoze) Hanparisuiochk B criektporpad MCII-51. Ilepen criekrporpadom yc-
TanaBnuBacs GUILTp @, He MPOMyCKaBIIMH cBeT Hakauku (A = 6943 A). Peruct-
pauus u3nydeHus: oOpasua Beiach 1M00 Ha (OTOIUIEHKY, MO0 BU3yaJbHO C MTOMO-
IIBI0 3JEKTPOHHO-ONTHYECKOTO MpeoOpazoBaTeis. DHEPrusl UMITyJIbca H3IIyUCHHS
OKI" Hakayku KOHTPOJIHUPOBAIACH C TTIOMOIILIO (DOTOYMHOKHTEIIS.

[Tpu o6myuennn o6pasua GaAs HeCPOKYCHPOBAHHBIM CBETOBBIM HMITYJIbCOM

OKT" na pyoune c sneprueii okono 0,1 x (MomraocTh 2 MBT) Ha BEIXOZAE CIIEK-
tporpacda MCII-51 HaGmronanack CyKeHHasl CIIEKTpalibHAs JIMHUS PEKOMOWHAIHU-

Puc. 1. / — OKT Ha pyOmHE ¢ MOIYITHPOBAHHON
IOOPOTHOCTEIO; 2 — MoOHOKpucTamt GaAs; Sy, S> —
OTpa’karolye TUIOCKOCTH 00pasiia, oOpa3yromue pe-
30Harop; 3 — xnanonpoBox; 4 — (@) — bunbTp, He
MPOIYCKAIOMINI CBeTa Haka4yku;, 5 — crekTporpad

HCII-51. :; HaIIPABJICHUE CBETa HAKAuKU; — U3-

Ty4yeHne oopasna

# Noknaabl AH CCCP. 1965. T. 161, N2 6. C. 1306-1307.
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1y, A increase in the spectral line in-
tensity. The results of treating
the spectrogram of the sample
lasing and the p—n junction laser
radiation are shown in Fig. 2.
The relatively large
lasing linewidth A1=32A ap-
$330 8365 8400 8435 8470, A  bears 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

6 Sample p-n-junction

0

Fig. 2. Emission spectral lines of the sample (carrier
concentration 2x10'7 cm *, mobility 3500 cm®V s
and p—n junction injection laser

Iy, A showed that at a laser pulse en-

10 ergy of about 0.3J up to 15%

3L of the total energy is trans-

formed into the Stokes compo-

6 nent. With a Stokes component

R slightly focused to 0.2 J.cm 2,

4r lasing arose both at liquid-

7k nitrogen and room temperatures

(Fig. 3). The quantum yield was

0 83|10 : 83|50 : 83I90 : 84I30 TA about 4%, and the laser beam
. o S ’ divergence amounted to 4°.

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

. . 17 _3 Jo
ture (cagrleirl cgncentrahon 1.5§x10 cm ~, mobility P.G. Eliscev for developing the
4450cm“-V -s7) under pumping by the Raman L2
Stokes component of ruby laser radiation in liquid ni- technology ~ and . fabricating
trogen. A similar GaAs lasing line was also observed plane-parallel cavities by the
at room temperature, peaking at mpu A = 9000 A splitting method.

86



H.I. bacos, A.3. lpactok, B.A. KatysinH

OHHOTO CBEYCHHUS B CHEKTPaTHLHOM
untepBaie ot 8340 mo 8400 A. 6
IIpu yBenmuueHUH 3HEPTUN UMITYJIb-

ca cera Hakauku g0 0,15 x Ha- 4
CTYTIaJI0 pe3Koe CY)XEHHE CIIeK-
TpaJbHOW NHHUU (TeHepanus) Ha 2
JUIMHE BOJHBI A= 8365 A. Cyxe- . . . . .
HUE CIEKTPaTbHOW JIMHUHM COTPO- 8330 8365 8400 8435 8470
BOXKJIAJIOCH CY>KEHHEM IHarpaMMbl A
HANPaBICHHOCTH W3JIy4YeHUs 00- Puc. 2. CueKTpanbHble TMHAKM FeHEPAuy 00pas-
pasiia, a Takke Pe3KUM yBelMue- 1ua (KOHUeHTparus Hocurenei 2-10' cm >, mos-
HHUEM CHEKTPaJbHOW MHTEHCHUBHO-  BIXHOCTH 3500 cM?/(B-CeK)) M HHKEKIHOHHOTO
CcTH NMHUHU. Pe3ynpraTel 00paboT-  J1a3€pa Ha p—7n-TIEPEXOAC

KH CIIEKTPOTPaMMBbI TeHEpalnuu 00-

pasma u OKI" Ha p—n-niepexone mpencraBieHsl Ha puc. 2. CpaBHUTEIBEHO OOJbIIAas
IMpUHA TMHUYU reHeparuu A =32 A, no-suguMomy, cBsi3aHa ¢ GONBIIAM YHCIOM
TUIOB KOJIe0aHnH, COOCTBEHHBIE YaCTOTHl KOTOPBIX MPUXOIATCA Ha CIIEKTPaIbHBINA
WHTEpBaJ, 3aHUMAaeMbIii JTMHUEH CIIOHTAHHOTO PEKOMOWHAIMOHHOTO CBEYEHUS, H
JUTSE KOTOPBIX OJHOBPEMEHHO BBITIONHSETCA yCIOBHE caMOBO30ykaeHus. JlelcTBu-
TEJILHO, UHTEpBaJl (B [UIMHAX BOJIH) Ja)Ke MEXIY aKCHAIbHBIMH MOJAMH B PE30Ha-
Tope coctaBian 1 A u 6bl1 MeHble paspemaromneii crnoco6HocTH crektporpada,
paBHO# 4 A. DT0 He MO3BONIATO PA3PENIUTh OTAETbHBIE TEHEPUPYEMBIE MOIBL.

Kax ormeuanock B [6,7], ISl cO3MaHUsI OTPUIIATEIHFHOM TEMIIEPATyphl B IIO-
nmynpoBoaHuke THIa GaAs (¢ OOJBIION BEPOSTHOCTHIO M3Ty4YaTeIbHBIX MEPEX00B
30Ha—30Ha) JIy4llle BCETO MCII0JIb30BaTh MOHOXPOMAaTHUECKOE M3ITy4EeHHE, Y KOTO-
poro oHeprusi (OTOHA HE3HAYH-

Oo6pa3sen

p—n-TIEPEX0]]

0

TEABHO IIPEBBILIAET DHEpPreTuye- I, A
CKyI0 INIMpHHY 3ampemieHHoi 3o- 10
Hpl. Takoe U3Iy4YeHHE MOXKHO gL
NOJYYHTh TpPH KOMOMHALMOHHOM
30 A
paccesann cBera OKI' Ha pyOune 6
B KHMIKOCTSX W raszax. Jlmas Bo3Oy- .
x)aeHus oopasma GaAs HaMu ObLTa ar
WCIOJh30BaHA CTOKCOBA KOMIIO- 2k
HEHTa KOMOHMHAIIMIOHHOTO paccesi-
Hus uznydenns OKI' Ha pyOuHe B 0L . ! ! ! ' ! :
8310 8350 8390 8430 1, A

xuakoMm azore [8]. s sroro me-
xay OKI' u oOpasroM momentacs
JIbloap C XUIKUM azotoM. Ilepen
BXOJITHBIM OKHOM JIbl0apa yCTaHaB-

Puc. 3. CnexrpanbHasi JIMHUS TeHepanuu odpas-
na (Ipu TeMmeparype >KUAKOTO a30Ta) (KOHIIEH-
Tpamus HOCUTENeH 1,55-10" cm®, momBmKHOCTE
4450 cM?/(B-ceK)) 011 IefiCTBHEM CTOKCOBOH KOM-

JUBAJIACh JIMH34, Y BBIXOJAHOTO OK-
Ha — BTOpas JUH3a, KOH(OKAIb-
Has ¢ mepBoit. Ilepem obOpasmom
CTaBWJICA WH(PAKpacHBIH CBETO-
(GUIBTpP, TMPOMYCKABIIMKA TOJBKO

MOHEHTHl KOMOWHAIMOHHOTO PACCESHUS M3ITyde-
Hust OKI' Ha pyOmHe M XuIKOM a3oTe. AHaio-
rugHas uHUS reHeparmu GaAs HaOnromanace u
IIpU KOMHATHOW TeMIepaTrype ¢ MaKCHMyMOM

npu A = 9000 A
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CTOKCOBY KOMIIOHEHTY KOMOWHAIMOHHOTo paccesHus (A= 8281A). Hsmepenus
MOKa3aJIM, 4TO NMpH dHepruu B uMitysbce usnydeHus OKI okono 0,3 [’k B CTOKCOBY
KOMIIOHEHTY TpeoOpasyercst 1o 15 % Bceit sneprun. Ilpn Hebompmoit Gokycupos-
Ke M3JIyUeHUs CTOKCOBOM KOMITOHEHTHI 110 3HaueHui 0,2 J:[>1</CM2 TeHepalus BO3HU-
Kaja Kak IpHU TeMIlepaType *KHUJIKOIro a30Ta, TaKk U IMpH KOMHATHOW TemIeparype
(puc. 3). KBaHTOBBII BBIXOZ COCTABIISLT OKOJIO 4 %, pacXoAnMOCTh yda 4°.

ABTOpHI BEIpakaroT Onarogapuocts [1.I°. EnuceeBy 3a pa3paboTKy TEXHOJIO-
T 1 U3TrOTOBJICHUE IIJIOCKOMIAPAJJICIIBHBIX PE30HATOPOB METOJAOM 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
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1. In quantum generators operating in the radio and optical bands, the feed-
back is resonant [1, 2]. This is a consequence of the use of resonators (cavity in the
radio band and Fabry—Perot in the optical band), which have a minimum electro-
magnetic-energy loss in the region of relatively narrow frequency intervals. Genera-
tors with resonant feedback therefore emit one or several modes, which usually in-
teract weakly with one another and can be regarded as isolated.

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

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

et e '°_
6 7

b 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. AM6apuyymsiH, H.I'. bacos, I1.I'. Kprokos, B.C. J/leTroxoB

dusnyeckmin MHCTUTYT uM. MN.H. Jlebeaesa Akagemum Hayk CCCP
Moctynuno B peaakunio 9 despansa 1966 r.

1. B KBaHTOBOM T€HEpaTOpe pajvo- U ONTHYECKOTO JUAIa30HOB OOpaTHas
CBsI3b sIBIAETCS pe3oHaHCHOH [1, 2]. IlocnenHee ecTh CleACTBHE NMPUMEHEHUS PE30-
HatopoB (00BeMHOTO B paguonuanasone u ®adbpu—Ilepo B onTrdeckoM AHuamnasoHe),
KOTOpPBIC UMCIOT MUHHMYM IOTEPh AJIEKTPOMArHUTHON 3HEPTHU B OOJIACTH CPaBHU-
TENBHO y3KWX WHTEPBAJIOB 4YacToT. [lo3TOoMy TreHepaTophl ¢ pe30HaHCHOW 00paTHOM
CBSI3BIO M3ITYYAIOT OJIMH HIIM HECKOIBKO THIIOB KOJICOAHMIA, KOTOPHIE OOBITHO c1abo
B3aUMOJICHCTBYIOT MEXIY COOOH U MOTYT pacCMaTPUBATHCSA 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
paccenBaronieM o0beMe 1M NoBepxHOCTH. [Ipu majeHnn cBeTOBOI BOJHBI Ha pac-
CenBaTelNb YacTh PHEPTUN PAaCCENBAETCS B APYTHE THIBI KOJeOaHUI «pe3oHaTOpay,
a Jpyras 4acTh NMOKHJAeT ero. B pesynbTrare THUNBI KONeOaHUi pe3oHaTopa CHIILHO
B3aMMOJICHCTBYIOT M, CTPOTO TOBOPS, HE ABJISAIOTCS M30IUpOBaHHBIMU. CIIeKTp cO0-
CTBCHHBIX YaCTOT TAKOT'O0 «CTOXAaCTHYECKOI'0» PpE€30HATOpa ABIACTCA CIIJIONIHBIM.
OTcyTCcTBHE PE30HAHCHBIX CBOMCTB y CTOXAaCTHUECKOI'O PE30HATOpa O3HA4yaeT, 4To
4acToTa TeHepalnyd He JOJDKHA 3aBHCETh OT JUIMHBI PE30HATOPA, a ONpeAeIsueTCs
PE30HAHCHOM 4acCTOTOM aKTUBHOI'O BEIIECTBA.

2. CxeMa na3epa npuBejeHa Ha puc. 1. AKTUBHOH cpefoi SIBISIFOTCS J1BA IO-
cJemoBaTeIbHBIX KpUCTaIIa pyonna 2 u 3 miuHoU 24 ¢cM u nuameTrpom 1,3 cM Ka-
JKABIA, TOPUBI KOTOPBIX JIsi MPEJOTBPAINCHUS CaMOBO30YXICHUS CPE3aHbI IO
yriom bproctepa. OOpaTHas CBsI3b OCYIIECTBIIIACH C MTOMOIIBIO 3epKaja 4, oTpa-
xkasiero 99 % ceera, 1 00bEMHOTO U TIOBEPXHOCTHOTO paccenBarens /. B kaue-
CTBE 00BEMHOT0 PaCCEUBATEINsI HCIOIB30BANACH B3BECh YACTHUI] Mella TUaMETPOM He
Goree 2-10° cM B BOZE, a B KAYECTBE MOBEPXHOCTHOTO PACCCHBATEINS — ILUIACTHHKA
co croeM HambuieHHOro MgO. CBeToBOIi OTOK, MPOMYLICHHBIN 3epKaioM 4 U Oc-
JAOJICHHBIH CBETOMHMIBTPOM 5, NI PETUCTPAIMH TOCTYIIad Ha (OTOIIEMEHT 6 U
ocumutorpad 7, a i U3MEpeHus criekTpa — Ha 3tajnon ®adopu—Ilepo. Ycunenue
c1aboro CUTHAJA Ha ABYX KpHUCTAIIax 3a mpoxoxa gocruraio 900.

e -e—
6 7

)i 4

Puc. 1. Cxema skcriepumMeHTa

? MncbMa B XKIT®. 1966. T. 3. C. 261-264.
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Fig. 2. Laser emission below threshold (@) and above threshold (b)

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

Qgen g _
Qsc

k*r 1, (1)
where k is the gain in one passage, r is the reflection coefficient of the mirror,
Q. 1s the effective solid angle in which the generated radiation propagates, €2 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 Qu.,= (P/L)’, where P is the
crystal diameter and L is the average distance between the mirror and the scatterer.
For an ideal scatterer Qg =2z In the experiment L =100cm, P=1.8 cm, and
r =~ 1.0. For scattering from a surface a ~ 0.9 and Q.= 27, and for volume scattering
o = 0.5 but Q. < 2z. Therefore the threshold gain in one passage is of the same or-
der in both cases, k£ =~ 200. The use of mirror 4 in the laser mode does not lead to the
appearance of resonant properties, but greatly reduces the generation threshold. If
two scatterers were used, the attained generation threshold gain would be & ~ 4x10".

4. Figure 2a shows the oscillogram of the laser emission with pump energy
below threshold, and Fig. 2b — with above-threshold pump energy and feedback
produced by volume scattering. Figure 26 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 ¢/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. Uznygyenune nasepa o nopora (a) u Beimie mopora (6)

3. YcnoBue camoBo30yxIIeHHMs Jlazepa B HameM ciyqae (Qpace > Qrenep) UMEET
BH]I
QFCHCP g —
Qpacc 2

k*r 1, (D
riue k — yculieHHe 3a MpOXox; 7 — KOI(QOUIMEHT OTpa)KeHUs 3epKamna; Qreyep —
3¢ eKTUBHBINA TEJIECHBIH yToJl, B KOTOPOM PacHpOCTPAHIETCS TeHEpUpyeMoe H3ITy-
ueHne; Qp,.c — dOHEeKTUBHBIN TeJIecHbI yron oOpaTHOTO paccesHus; a — KO-
¢unreHT 0OpaTHOTO PaccestHUsl B Yroi 277 cTep; MHOXKHTENb 1/2 BO3HUKAET M3-3a
TIOJTHO# JIETIONAPU3AIHH H3TYUeHHUs IPH paccesHu. [IpUGIIKeHHO Q ooy = (P/L),
rae P — ngmamerp xpucramia, L — cpefaHee pacCTOSHHE MEXIy 3epKajioM U pac-
ceusareneM. [l uaeanbHOro pacceuBaTens L2, = 27. B okcnepumenre L = 100 cm,
P=18cwm, r=1,0. [Ipu paccesuuu Ha IoBepxHOCTU & =~ 0,9, Qppec = 27, @ IPH 00B-
eMHOM paccessHiH o = 0,5, HO Qe < 271, [To3TOMY OpOroBoe yCHiIeHHE Ha TPOXO.T
B 000mX cirydasx omHOTo mopsaka k ~ 200. Mcmonp3oBanue B Jazepe 3epkana 4 He
MIPUBOJINT K TMOSIBICHUIO PE30HAHCHBIX CBOMCTB, HO CYIIECTBEHHO MTOHMKAET MTOPOT
reHepanun. [Ipy UCTIONB30BaHNHN JBYX paccenBaTelel MOpOr TeHepaliy TOCTUTall-
¢s1 61 TpH yernenud k ~ 4-10°.

4. Ha puc. 2a mpuBeneHa OCIIUUIOrpaMMa M3IY4YeHHs Jia3epa MpH HaKadKe
HIDKE TIOPOTOBOM, a Ha pHc. 20 — TP HaKadyKe BBIIIC MOPOTOBOW MpH 0OpaTHON
CBsI3M Ha 0OBEeMHOM pacceuBaTenie. Ha puc. 26 0oTYETIMBO BHIHBI 3aTyXarollue
MyJIbCAIINH, XapaKTepHBIE U pekuMa TeHepanuu. [lopor mpakTuiecky He 3aBUCHT
OT yrila HaKJIOHA PAcCeHMBAaTeEllsl B IIMPOKHUX IpejeliaxX, HO MOBBIIIACTCS TPH yaale-
HUH paccenBaTelsl OT KpUcTaia, 4To coriacyercs ¢ ycnosueM (1). MccnenoBanue
CIIEKTpa MPOU3BOIMIOCH C TOMOMIBIO dTanioHa ®adpu—Ilepo ¢ BO3ayHIHBEIM TIpoMe-
kyTkoM 3 cM. IllnpuHa muHuM w3mydenns Obuta menbure 0,015c¢M ' U ompemers-
JIach pazpemaroiieil CnocoOHOCTRIO 3TaloHa (ITUPUHA JTUHUU CTIOHTAHHOTO H3JY-
ueHus py6una 15 cm '). UccnenoBanue cnekTpa GHEHHIl H3TyUeHHs MOKA3alIo0
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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 THIIA ¢/2L, XapaKTepHBIX [UIS J1a3€POB C PE30HAHCHOM oOpaTHON
CBSI3bI0. YTJIOBasl PacXoJWMOCTh U3MydeHus ~ P/L, a pacnpeneneHue mos u3nyde-
HUS B JJalIbHEW BOHE SIBIISIETCS BeCbMa OJHOPOAHBIM. [Ipu Monymsiuuu 1oOpoTHOCTH
CTOXaCTHYECKOT'0 PE30HATOPa ObUI MOIy4YeH UMIYJIbC C UINTeNbHOCTHI0 200 HCek.

5. Cpennsis yacToTa T€HEPUPYEMOro M3IYUEHUs B Jla3epe C HEPE30HAHCHOU
00paTHON CBA3BIO OMpEeNsieTcs MOJI0KEHHEM IIEHTpa aTOMHOTO Iepexona, a He
pe3oHaHca o0paTHOH cBsi3u. CleoBaTeNbHO, HA OCHOBE Jia3epa ¢ HEPE30HAHCHOU
00paTHOW CBSA3BI0 MOYKHO CO3/IaTh ONTHYCCKUAN CTaHIAPT YacTOTHI. [T 3TOTO Clle-
IyeT MCIOJIb30BaTh aTOMHBIE TIEPEXO0/bl C OONBIINM KO3()(UIIMEHTOM yCHUIIEHHS B
ra3oBoM paspsne Ne, Xe u Ip. B HENPEPHIBHOM PEKUME, a TAK)KE PACCEUBATENH C
Y3KOM quarpaMMoi 00paTHOTO paccesHus.

6. Cienyer OTMETUTB, YTO TeHepanus ¢ OOpaTHOM CBS3BIO 3a CUET PACCESIHUS
Ha HEOAHOPOAHOCTSIX KpUCTaIU1a U OOKOBOM MaTHPOBAaHHON MOBEPXHOCTU KpUCTAILIA
MOXET OTPaHMYUTh MaKCUMaJIbHOE yCUJIEHHE. TeopeTHuecKH ciry4ail reHepaury Ha
«CITYJaHBIX MOJIaX» OOKOBOW MAaTHPOBAaHHOW ITOBEPXHOCTH KpHCTallla paccMar-
puBaics B pabote dreka [3]. B Hammx dkcrepuMeHTax Takas TeHepalys BO3ZHUKa-
J1a IpY MaKCUMaJbHON Hakauke. B 3ToM ciydae reHepanusi IpoMCXOIUT B ONpese-
JICHHOM KOHYCE yIJIOB.
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Submitted March 31, 1966

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

Effective transfer of vibrational excitation between molecules of different spe-
cies occurs when the energies of the vibrational levels of the molecules are close to
each other. More accurately, for resonance exchange of vibrational-excitation energy
it is necessary to satisfy the condition |AE|< kT, where 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 & ~ 10>,

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

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

dn
_3 [ — — —

7 Waply + Wy iy — Wy T3 + Wisy — Wil + W)slly,
dn, .

- Waolly + Wiply — Waslly — Wy lys My + 1y + 1y = 1.

Here wy, is the probability of excitation of the working molecule by collisions with
the carrier molecules which are in the excited state; w,, is the probability of the re-
verse transfer of excitation from the working molecule to the carrier molecules; w3,

# JETP Lett. 1966. Vol. 3, No. 11. PP. 286-288.
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MHBepcHaA HaceNeHHOCTb Npu aanabaTnyeckom
pacluMpeHumn rasosoi cmecu’

B.K. KoHoxoB, A.M. lNpoxopos

dusnyeckmin MHCTUTYT uM. MN.H. Jlebeaesa Akagemumn Hayk CCCP
MocTtynuno B pegakumio 31 mapta 1966 r.

B mocnemHee Bpemst OBLIIO MPEASIOKEHO HECKOJIBKO HOBBIX CIIOCOOOB TIOJTY-
YeHUs] UHBEPCHOM HaceneHHoCTH [1-3]. B 310l cTaThe MOKa3aHo, YTO B HEKOTOPBIX
CcMecsX MOJIEKYJISIPHBIX T'a30B IPH anabaTHYeCKOM paclIMpeHUH BO3HUKAET M He-
KOTOpOE€ BpeMs CYII[ECTBYET COCTOSIHUE WHBEPCHON HACEIEHHOCTH 10 KOJIeOaTeNb-
HBIM YPOBHSIM. J[JIs1 3TOro MoJIeKyJIbl CMECH JIOJDKHBI UMETh CYIIECTBEHHO Pa3yind-
Hbl€ BpeMEHa Kolle0aTedbHON penakcanud M 00JalaTh CIIOCOOHOCTBIO OOMEHH-
BaThCs DHEPTHUEH KOJIeOaTeTLHOTO BO30YKICHUS.

D¢ dexTrBHAs Nepeaaya KoiaedaTenbHOro BO30YKICHUS MEXIY MOJIEKyIaMu
Pa3IMYHOrO COpTa MPOUCXOAWUT B TOM CIy4ae, €CIH JHEePruH KoyeOaTeIbHBIX
ypOBHEN MOJIEKy OIM3KH ApyT K Apyry. TodHee, 1uis pe30HAaHCHOTO 0OMeHa SHep-
ruel KoieOaTeTbHOT0 BO30YXKICHHS JOJDKHO BBIIOJMHATHCS ycioBue |AE|< kT, tioe
AE — nedumuT SHeprum.

B kauectBe mpuMepa pe3oHaHCHOTO 0OMeHa KoJiebaTellbHbIM BO30YKACHUEM
MOJKHO TIPUBECTH CMECH a30T—IBYOKHCH YIJIepojia M a30T—ABYOKHCH a3zoTa [4]. Y
MepBOi CMECH OOMEH MPOHCXOIUT MEXIY YpoBHEM v = 1 Monekynsl N, M ypOBHEM
(00°1) mMomekyasr CO,. IIpi KOMHATHO#T TeMIIepaType BEepOsSTHOCTH Iepefaun mpu
OJTHOM CTOJIKHOBEHHH MOJEKyT a ~ 107 [4].

Jnst mpOCTOTHI MPEAIIONOKHIM, YTO KOHLEHTPAIMs MOJIEKYJI-HOCHTEJIEH KO-
n1e0aTeTbHOTO BO30YKICHUS B CMECH MHOTO OOJIbIIIe, YeM KOHIICHTpAIus padbodmx
MOJIEKYJI, IO YbHM YPOBHSIM BO3HHUKAET COCTOSIHUE MHBEPCHH, TOTJa MPH ONHUCAHUN
pelTaKCcallMOHHBIX MPOIECCOB KOHIIEHTPANNIO BO30YKISCHHBIX MOJEKYJI-HOCUTENEH
B CMECH MO>KHO CUHUTaTh HEU3MEHHON BO BPEMEHH.

YpaBHEHHUS, KOTOPBIE ONHUCHIBAIOT U3MEHEHHE YUCIIa MOJIEKYJ pabovero rasa
Ha TpeX KoJIe0aTeIbHBIX YPOBHAX, OJUH M3 KOTOPBIX (TPETHIA) MOKET 0OMEHUBATH-
csl KosebaTeNbHBIM BO30Y)KICHUEM C YPOBHEM b MOJEKYNbI-HOCUTENS (CM. pHCY-
HOK), 3aITUIIyTCs CIeAYIOMHUM 00pa3oM:

dn
3 _ _
7 WapTls + Wy Ty — Wi iy + W3l — Wi Hy + Wyl
dn, )
o Waally + Wiyl — Wayshly — Wy Ty 1y + 1y + 1y = 1.

31eck Wy, — BEPOSITHOCTH BO30Y)KIECHUs paboueil MOJIEKYJIbl U3-32 CTOJIKHOBEHHH C
MOJIEKYJIaMU-HOCUTEISAMH, HAXOAAIIMUMHUCS B BO30YKICHHOM COCTOSHHHU; W, — Be-
POSITHOCTH 0OpaTHOH Iepenadd Bo30yKAeHHs OT paboueil MOJICKYJbl K MOJICKYJIaM-

* MucbMa B XKITD. 1966. T. 3, Buin. 11. C. 436-439.
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b Ny PN Co, Wis, Wi, etc. are the probabilities of the thermal
v=1 ~_ 3 relaxation of the working molecule between the
“ 0‘321 %3 corresponding vibrational levels.
2 Assume that the process of adiabatic expan-
31| |%13

sion of the gas mixture is fast enough so that the
time interval during which the gas is cooled from
v=0 1 the initial temperature 77 to the final one 7; is
much shorter than the proper vibrational relaxation
time of the carrier-gas molecules. A stationary distribution over the vibrational levels
of the working molecules is established in the gas within a short time interval follow-
ing the end of the gas-mixture expansion.
The inversion between levels 3 and 2 is obtained as usual by equating to zero
the right sides of the equations. Then

ny—ny _ a(ay —ay) ex [_Eb _EaJ
n oy (a+as, +as) KT,

a21| |12

where a1, a3, and a3, are the probabilities of relaxation after one collision. It is as-
sumed that the final temperature of the gas mixture 73 is such that thermal excita-
tion of the molecule (i.e., the probabilities wy3, wy3, and wy,) can be neglected, but
the deactivating collisions cannot be neglected and k7,>|AE|. We see from the

formula that no inversion between the levels 3 and 2 is obtained if a3, > a;. 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 75.

Let us show, with the mixture of nitrogen and carbon dioxide as an example,
that by adiabatic expansion it is possible to obtain a population inversion between
the levels (00°) and (10°0) of the CO, molecule, and let us determine its magnitude
for 77 = 1000 K and 7> = 300 K. If the final temperature of the gas mixture is of the
order of room temperature, then a,; > asz, since this is the optical transition of the CO,
molecule at which a N,-CO, gas laser operates when excited with an electric dis-
charge [5]. The probability of deactivation of the CO, molecule after one collision is
~107 for the dry gas [6], and therefore (115 — n,)/n; ~ 1 % and the maximum is 3.5 %.

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

The authors thank L.A. Kulevskii and V.M. Marchenko for discussions.
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HOCHTEIISIM; W31, W3, W3 M T.JI. — BEPOSTHOCTH b Ny AL €O,
TETJIOBOW peJlakcaiuy padodeil MONeKybl MeXIy — v=1 ~
COOTBETCTBYIOIIMMH KOJEOATEIFHBIMA YPOBHIMH. a aszl a3
[Tyctp mporiecc anmnabaTui4eckoro paciiu- — 2
peHusl Ta30BOM CMECH MPOUCXOJUT HACTOJIBKO a1 |03
OBICTPO, YTO MHTEPBAJl BPEMEHH, 32 KOTOPBIN ra3 a1 |an
OXJIAXK/IaeTCA OT HAaYallbHOM Temmepatypsl 1) 10 v 4 |

KOHEYHOU 75, CYIIECTBEHHO MEHBIIIE, YeM BpeMs
CcOOCTBEHHOM KoJIeOaTeNbHON pellakCcallii MOJICKYJl Tra3a-HocuTens. Yepe3 He-
0O0JIBIIION MPOMEKYTOK BPEMEHHU IOCJC OKOHYAHHUS PACIIMPEHUS T'a30BOM CMeCH B
ra3e yCTaHOBHUTCS CTAIlMOHAPHOE paclpezesicHue Mo KojiebaTeabHBIM YPOBHSIM pa-
0OYMX MOJIEKYII.

Benmnmunny mHBEpCHE MEXITY YPOBHIMH 3 M 2 HaXOIUM OOBIYHBIM CIIOCOOOM,
MIpUpaBHUBAS HYJIO MPaBbIe YaCTH YPaBHEHHH, TOTIa

n—n,  a(ay —ay) _E,-E,

m oy (a+ay +as) kT, )
TIIE Oy, 032, O3] — BEPOSTHOCTH pPENaKcalluy 3a OJHO coyaapenue. [Ipeanonaraercs,
4TO KOHEYHas Temreparypa 7, ra30BOW CMECH TaKas, YTO TEIUIOBBIM BO30YKICHUEM
MOJICKYJIbI, T.C. BEPOSATHOCTSIMH Wi3, Wr3, W, MOXHO NpPEHEOpEeUb, HO JI€3aKTUBU-
PYIOLIMMH COyTapeHUsMU IpeHeOperaTs Henb3s, U k7, >>|AE|. U3 dopmyisl BUIHO,
YTO WHBEPCHIO MEXKITy YPOBHSIMH 3 U 2 MOTyYUTh HEBO3MOXKHO, €CIH 03, > 0. Ecnu
BBITIOJIHAETCS] 00PAaTHOE HEPABEHCTBO (fy,>3>(l3,, U BEPOATHOCTH ¢ epeaauu Koyeba-

TEJIBHOTO BO30Y’KAE€HHUS MHOTO OOJblIE, 4eM BEPOSTHOCTH JI€3aKTUBALIUM YPOBHSA 3
paboueil MoJIeKyJIbl, TO MHBEPCHS JIOCTUIaeT HauOOJIbILIETO 3HaYeHNsl U paBHA OTHO-
CUTEJIbHOM KOHLIEHTPALK BO30YXKICHHBIX MOJIEKYJI I'a3a-HOCUTENS IIPU HAa4YaIbHOU
temneparype 71».

Iokaxem Ha mpUMepe ra3oBoOi CMecH U3 a30Ta U YIJIEKUCIIOTO ras3a, 4To MeTo-
JIOM aa1abaTHIEeCKOro paclIipeHHsi MOXKHO MOJIYyYUTh HHBEPCHYIO HACEJIEHHOCTh Me-
Ky YPOBHSIMHU (0001) U (1000) mouiekynbl CO,, U onpenenuM ee BeIuuuHy i 17 =
=1000 K u 7, = 300 K. [Ipu koHeuHO} TemmepaType ra3oBOH CMECH MopsAaKa KOM-
HaTHBIX UMEEM 0] > (133, TAK KaK Ha 9TOM ONTHYECKOM mepexone moiekyisl CO, pa-
OoTaer razoBblii nazep Ha cMecu Ny 1 CO, nipu Bo30Y>KICHUH SIIEKTPHUECKUM paspsi-
oM [5]. BeposTHocTs ne3akTuBammy Monekyiis CO, 3a oiHO coymapenue ~10 > mis
cyxoro rasa [6], moatomy (13— ny)/n; ~ 1 %, MakcUMaJIbHOE 3HaUeHHUE paBHO 3,5 %.

B 3akmoueHue cieayeT OTMETHTh, YTO HENPEPBIBHBIA PEXUM aanabaThye-
CKOTO pacIIMpeHHs] Ta30BOM CMECH MOYKHO OCYIIECTBUTH, MpPOIYyCKas Tra3 depes
CBEPX3BYKOBOE COILIO.

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

K(A), W(2) K(4), W(A)
1.6F P 1.6F

0.8 0.8}

0 L 0
1.6 c 1.6
0.8F 0.8
; A
O | 3 | | i O | — | |
6000 7000 8000 4, A 6000 7000 8000 A4, A

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

# JETP Lett. 1967. Vol. 5. PP. 117-1109.
! The possibility of obtaining gain in the systems was demonstrated by A.P. Ivanov [6].
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WUHCTUTYT pmsmkn Akagemmm Hayk benopycckoin CCP
MocTtynuno B pegakunio 15 nekabps 1966 r.

BnusiHue xonebaTenbHOM CTPYKTYpHI pabounx ypoBHEH Ha CBOWMCTBa reHepa-
MU paccMOTpeHo B pabotax [1-4]. B [4, 5] npoBeneH moapoOHBIH pacyer, JoKa-
3bIBAIOIMH BO3MOKHOCTH IOJYYEHHUS I'€HEpalud B PaMKaxX JBYX 3JIEKTPOHHO-
KOJIeOaTebHBIX YPOBHEH, XapaKTEPHBIX IS IIUPOKOTO Kiacca Kpacurened u
JPYTHX CIIOKHBIX MONEKyI . [l HaKauKy TaKUX COeIMHEHHH B paboTe [7] mpema-
rajoch UCIIOJIb30BaTh U3JIydeHHe pyOMHOBOIO jla3epa, paboTarOLIEro B PEKUME T'H-
TaHTCKUX MMITYJIbCOB. B 3T0il pabore mpoBeqeHO M3yYeHHE ONTHYCCKUX XapaKTe-
PUCTHK (PTAZOMUAHMHOB PA3IUYHBIX METAIOB, YTO TO3BOJUIO ONMPEACTUTH KOH-

K(4), W(4) K(2), W(2)
1,6F g 1,6F
0,8} 0,81
0 . 0
1,6 6 1,61
0,81 0,8+
O 1 i 1 I 1 i 0 1
6000 7000 8000 2, A 6000 7000 8000 1, A

Puc. 1. Cnexrpsl norsomenus (/) u momuHecueHmu (2): ¢pranonnannHa Mg B XUHOIH-
He (a); rasonmannHa B CEpHOM KHcIOTE (0); KPUNTOLMAHNHA B METHJIOBOM cHHpTE (8);
METHIICHOBOTO TOJIyOOTO B CEpPHOI KHCIOTE (2): M3MEepeHHbIe (CIUTONTHAS JIFHUSA), TIPEII0-
JaraeMble (IITPHXOBAs JHMHHSA) (M3-32 YPE3BBIYAHHO HU3KOIO KBAaHTOBOTO BBIXOJA JIFOMH-
HECLIEHIIUH CBOOOMHOro (TajolMaHiHA U METHIEHOBOTO rojy0oro 3aperucTpupoBarh HX
CIIEKTPBI AKCIEPHUMEHTAIBHO HE YAAJIOCh AAKE IPH BO30YXKICHHUHM PYOHMHOBHIM JIa3€pOM).
Jmuns! BonH: py6uHOBOTO Na3epa (A,), reHepayy pacTBopos (Ar)

* MucbMa B XIT®. 1967. T. 5. C. 144-148.
! BO3MOXHOCTb MOJSlyYEHMS YCUNIEHUS B CUCTEMaXx BriepBble 060cHoBaHa B pabote A.M. Uea-
HoBa [6].
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ph _ In this communication we de-

_!_ scribe optical generation observed ex-

| perimentally at room temperature in so-

= lutions of four compounds: magnesium

r mi N phthalocyanine in quinoline, free phtha-

|:| 0.60m E‘I“:I‘“CL” yem lqcygnlne in sulfuric acid, cryptocya-
A—— ‘ nine in methyl alcohol, and the dye me-
120 cm m thylene blue in sulfuric acid. Figure 1

shows the absorption and luminescence

o spectra of these compounds and deline-

Fig. 2. Apparatus used to observe genera-
tion: ruby laser (r), cell with solution (c),

ates the generation regions.
The generation conditions con-
sisted in the following. A solution of ac-

mirrors (m), photographic plate (ph), spec-
trograph (ISP-51) (sp)

tive substance was placed in a rectangu-
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 5x10°* rad.
The wavelengths and the spectral widths of the generated lines are listed in the table
for each of the substances.

The generation spectrum of cryptocyanine revealed at large mirror reflection
coefficients the simultaneous presence of two lines, the one with the longer wave-
length (4 = 8085 A) being much more intense than that with the shorter wavelength
(A=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 R; =99 % and R, = 50%. A shift of the short-wave gen-
eration line towards the luminescence maximum, by 49 A, was observed simultane-
ously. This change in frequency is in good agreement with the theoretical notions
[4,5,7]. The emission generated by the solution of free phthalocyanine should
include, in accordance with the calculation, a second generation line with 1=
= 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 OIKCIICPUMEHTAIBHBIC YCIIOBUS, E"H__
HEOOXOMUMBIC IS MOJy4eHHsT UX TeHepa- !

mud. B 1aHHOM COOOIIEHNH OTHCHIBACTCS BRE:

3P PEeKT ONTHYECKOW TeHepaluu, HaOIro- =
JABIINICA DKCIIEPUMEHTAIBHO MPU KOM- p 5 i o
HATHOM TeMIlepaType Ha pacTBOpax 4YeThbl-  [7 I

pex coeMHeHHH: (hTaonnaHuHe MarHus B DI:I 06em (ke f2oM
XUHOJMHE, CBOOOTHOM (hTANOIMaHWHE B 120 cMm 3

CEpHOI KHCIIOTE, KPUTOLIMAHUHE B METH-

JIOBOM CITUPTE M KpacuTele METUICHOBOM o

romyoom B cepHOM kucimore. Ha puc. 1
MPEACTABJIEHbl CHEKTPhI IIOIVIOMIEHUS KW Puc. 2. Cxema HaONIONCHHUS TCHEPAIUH:
JIFOMUHECIIEHIIMN 3TUX COEIWHEHMI M OT-  PYOHHOBBIH asep (p); KIOBETa C PacTBO-
MeueHbI 00JIaCTU TeHEPALIH. pom (K); 3epkaina (3); porornacturka (¢m);
VenoBust s monydeHust remepa-  cnekrporpad UCTI-51 (cm)

UM COCTOSANM B crleayiomeM. PacTBop

aKTHBHOTO BEIIECTBA MOMEIIAJCS B MPAMOYTOIBHYIO KIOBETY TOJIIMHON 6 MM C
TUIOCKOTIApAITIENIbHBIMA TOYHO 00pabOTaHHBIME CTEeHKaMH. B COOTBETCTBHH C pac-
geToM [7] KOHLEGHTpAIMs BEIIECTB BO BCEX CIydasx Opamack okomxo 5x10'°—
10" cM™. KroBera moMemanach Mex/Iy IUIOCKOMAPaICIbHBIMH IHAICKTPHUSCKH-
MH 3epKallaMH, UMEBIIMMH Kod(Q(UIMEHTE oTpaskeHus B obnactu A~ 7600 A or
50 1o 99 %. B HEKOTOpPBIX OMBITAX OTPaKAIOLINE MOKPHITHS HAHOCHINCH HA Ha-
PYKHBIE TPaHH KIOBETHL. B030ykIeHue MpOMU3BOAMIOCH C MOMOIIBI0 PYOHMHOBOTO
Ja3epa B HANpPaBICHHUM, MEPIECHANKYJISIPHOM HAIlpaBICHUIO HAOIIOJEHUs reHepa-
uu pactBopa (puc. 2). PyOuHOBHIA s1azep paboTal B MOHOMMITYJIBCHOM PEKUME,
JlaBas 3a BCIIBIIKY OJMH UMITYJIbC AMUTENbHOCTHIO 30—40 Heek ¢ sHeprueit 1,5 [Ix.
Jl1st B30y >KAeHUsT pacTBOpa BBIEISIACH YaCTh PHEPTHH UMITyJbca, paBHas 0,5 [k,
CO CPaBHUTEJIHLHO PAaBHOMEPHBIM pacllpe/ie]IeHHeM SHEPTuH 1o cedeHuto. [1pu atux
YCIIOBUSIX HaOIIO/IaNach TeHepalus Ha BCEX TEPEUMCIICHHBIX BhINIE COCIMHECHUSX.
[eHepupyeMoe H3IyUeHHe 06Iaqano pacxoauMocTsio 5x 107! pax. JITHHB BOTH 1
CIIeKTpaTbHBIC MUPUHBI TCHEPUPYEMBIX JIMHUN JJIS1 KQKIIOTO U3 BEIECTB MPUBEIC-
HBI B Ta0IHIIE.

B cmexTpe reHepanuy KpUITOIMAHWHA TPU OONBINX Kod(ddummenTax ot-
paKeHHs 3epKaji HaOII0IAI0Ch OJHOBPEMEHHO JBE JIMHUH, MPHYEM JITMHHOBOJIHO-
Bast uHKS (A= 8085 A) Gbina 3HAUNTENHHO WHTEHCHBHEE KOPOTKOBOIHOBOH (A =
= 7555 A). TIpu yMeHbIIEHUH OTPaKeHHs 3epKajl COOTHOLICHHE MHTEHCHBHOCTEH
MEHSUIOCh B TOJIh3y KOPOTKOBOJIHOBOW JIMHWUU W3IY4YEHHs W MPH KO3 PHUIIMEHTaX
R =99% u R, = 50 % QIMHHOBOJIHOBAS JIMHUS HcYe3aia COBCEM.

OpHOBpeMEHHO HAONIOMaIO0Ch CMENeHNEe KOPOTKOBOJIHOBOM JIMHUM TeHEepa-
MK B CTOPOHY MAaKCHMyMa JTIOMHHecIeHIn: Ha 49 A. Takoe n3MeHeHHe JacTOThHI
XOPOIIIO COTIIACYETCS C TCOPETHUCCKUMHE TIpecTaBiIeHusIMu [4, 5, 7]. B n3nydyennn,
TeHEepPHPYEMOM PAaCTBOPOM CBOOOIHOTO (prayonuaHmHa, COTIACHO pacyeTam, JTOJDKHA
HabmI0aThCs BTOpast TuHUs reHepanuu ¢ A= 9400 A. Takas nunus He OblIa 3ape-
THCTPUPOBaHA M3-3a OTCYTCTBHS B HAIllEM DPACMOpsDKEHHH HEOOXOAMMBIX (HoTo-
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 yields can be used for generation. At the same
time, the experimental data show that complex molecules can be used for effective
conversion of ruby-laser emission into coherent emission at long wavelengths. By
varying the solvent, the concentration of the active medium, and the mirror reflec-
tion coefficients, the compounds used in this investigation can provide a large
number of generation lines in the interval from 7000 to 10 000 A
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Tabauua
Bemecrso KsanToBbl1it [Mupuna JlnuHa BOIHBL CrnexrpanbHas
BBIXOJT creKTpa reHepaLuy, HMIUpUHA
JIIOMUHECLICHIIUH, | JIIOMHHECLCHIHY, A reHepaLuy,
%

DTranonuaHuH 80 1250 7590 10
Mar"us

B XWHOJIMHE

DranonuaHuH <0.001 1100 8634 10

B CEpHOM KUCJIOTE 7555

Kpunronmanua ~0.2 1200 8085 40

B METHJIOBOM

crupTe

Merunenosbiit <0.001 1100 8350 40
roxy0oii

B CEpHOH KHCIIOTE

OTHoIIeHNE YHEPTUH, TeHEPHPYEMON pacTBOPOM, K SHEPTHUH BO30YKIaroIIe-
ro MOTOKa COCTABIISUIO Ui KPHUIITOLMAHWHA M METWIeHOBOro roiyooro 10 %. B
NEHCTBUTEIHLHOCTH KOI(POHUITUEHT MpeoOpa3oBaHus BO30YKIAIOMICH DHEPTHH PY-
OMHOBOTO Jla3epa B YHEPTHIO, TEHEPUPYEMYIO PACTBOPOM, 3HAUHUTEIFHO BBINIE, TaK
Kak B JIAHHBIX YCJIOBHUSX OTBITA MOIJIOIICHHE PyOUHOBOIO M3IYUYCHHUS PACTBOPOM
0bUT0 HEd(PPEKTUBHBIM.

OnucanHssblii 31ech 3QPeKT ABIACTCS IKCIEPHUMEHTAIBHBIM J10Ka3aTelbCTBOM
MEPCICKTUBHOCTH MONYYCHHUS] TeHEPAIMU ¢ TIOMOIIBIO PA3IMYHBIX CIOXHBIX Opra-
HUYECKUX COCAMHEHHM, 00JIAMalONINX IUPOKUMH MTOJIOCAMH MOTJIOIIECHHS U UCITYC-
kauus. [Ipy 3TOM OKa3bIBaeTCs, YTO JUI TEHEpPAIlMd MOTYT OBITh HCIOJIh30BAHBI
BEIIECTBA C YPE3BBIUAIIHO HU3KUM KBaHTOBBIM BBIXOJIOM JIFOMHHECIEHIINH. BMmecte
C TeM MOJy4YEeHHBIE 3KCIIEPUMEHTANIbHbBIC JaHHBIC MOKA3bIBAIOT, YTO CIOXHBIE MO-
JIEKYJIBI MOTYT HCIIOJIb30BAThCS sl 3(MPEKTHBHOTO MPeoOpa3OBaHUs H3ITyUCHUS
pyOMHOBOTIO Ja3epa B KOIEPEHTHOE U3JyueHUE OOJIbIINX JIUH BOJH. [Ipu n3MeHe-
HUM PACTBOPHUTENS KOHIICHTPAIIMUA aKTUBHOTO BEIIECTBA M KOA(D(UIIMEHTOB OTpa-
’KCHUS 3epKall UCIOJIb30BAHHBIC B JIAHHOM paboTe COCTMHEHUSI CMOTYT 00ECIICUUTh
GonbIIoit HabOp JMHMIA TeHepany B MHTepBasie ot 7000 g0 10000 A.
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Self-stabilization of laser optic-oscillation frequency
by nonlinear absorption in gas*

V.S. Letokhov

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

If the gas pressure is low and the radiative transition probability Afl of the
absorbing atoms is small, then the dip in the absorption line can be quite narrow. Its
width A, is determined by the time of flight of the atoms through the beam,
ro = d/vy (d 1s the beam diameter, v is the average velocity of the atoms) and by the
line broadening A, due to the collisions:

1
Aa)b :_+Aa)cola (1)
To
provided Aé’l <« 1/7. For example, at a gas pressure of 107 Torr, when usually

Ay = 10°-10° Hz, the width of the dip for a beam of diameter d = 1 cm (v, = 10°—
10° cm/sec) is Aay, =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 peaakuuio 16 nioHa 1967 r.

1. U3BecTHO, YTO A CO3/aHUS KBAaHTOBOT'O T€HEpATOpa C BHICOKOM CTa-
OMJILHOCTBIO YaCTOTHI KOJeOaHUH (CTaHIapTa YaCcTOThl) HEOOXOIUMO UMETh y3KHUI
PE30HAHC YCHUIIEHUS aKTUBHOW CpeAbl CO CTaOWIBHBIM TOJOXEHHEM MaKCHMyMa
pEe30HaHCa W HIMPOKHI PE30HAHC MOTEPh B PE30HATOPE. DTOT MPUHIUI JEKHUT B
OCHOBE CTaHAAPTOB 4acTOThl paauo [1, 2] u ontuueckoro [3] nuamazoHoB. B Ha-
CTOAIIEM MHUChbME TNpeJiaraeTcsl MPUHIMIIMAIBHO IPYrodl METOJ CTaOWiIM3aiuu
YaCTOTHI Jlazepa, KOTOPHIii OCHOBaH Ha BOZHWKHOBEHHH B TI0JI€ CTOSYEH BOJHBI Jia-
3epa y3KOr0 pe30HAHCHOTO «IIPOBaJiay) B JUHUH IOTJIOMIECHUS ra3a, IOMEIICHHOTO B
PE30HATOp, NPU IIMPOKOM W MEHEE CTAOWJILHOM PE30HAHCE YCUJICHUS aKTUBHOM
cpensl. [IpeanosxkeHHBI METOI TIPEICTABISIET UHTEPEC IS CO3TAHUS ONITHYECKOTO
CTaH/apTa 4YacTOTHI.

2. ITycTh ra3 HU3KOTO JABJICHUS HAXOJMUTCS B IMOJIC CTOSYCH CBETOBOW BOJIHBI
Eeé'®" cos(kz), 4acToTa KOTOPOro COBHAAeT C JIMHHEH PEe30HAHCHOTO MOTJIOMIEHHS
ra3a Ha 4acToTe . B «ciiaboM» CBETOBOM I10JIe, HE BBI3BIBAIOIIEM HACHIIIICHUS T10-
TJIONICHUS ra3a, popMma JIMHWUU TMOTJIONICHHS SBISCTCS JOMIUICPOBCKON. B «cuiib-
HOM» CBETOBOM TIOJIE TPOMCXOAMT HACHIIIEHUE IOTJIONMIEHHUSI aTOMOB, Hambolee
3¢ (eKTHBHO B3aMMOICHCTBYIOIIHX C ITOJIEM CTOSYEH BOJIHBI.

B pesyinbraTe, popMa JMHUM MOTIIOMICHUS CYIIECTBEHHO U3MEHSICTCS U, €CIIU
JIOTIIIJIEPOBCKAsT IIMPUHA JMHUHA 3HAYUTEIHFHO OOJBIEe OIHOPOIHOW IIMUPUHBI, Ha
4acTOTE @ U 3€PKAILHOM eli OTHOCUTEIBHO () YaCTOTE 2 @) — @ BEDKUTAKOTCS «IIbIP-
ki». KoadduimenT nmoriomienns crosiaeii CBETOBOM BOJIHBI IPHOOPETAET KIIPOBAID)
HAa 4aCTOTE @, W3-3a COBMHAJCHUS 3CPKAIbHO-CUMMETPHYHBIX NBIPOK MPH @ = @p.
Ot10 sBieHUE OBIIO TTOAPOOHO M3yueHo JIambOoM [4] mist ciaydast yCHIUBaromei ra-
30BOM cpeJibl U HOCUT Ha3BaHHE JI3MOOBCKOTO ITpOBaJja.

Ecnu ra3 umeeT HU3KOE AaBIICHUE, a BEPOSTHOCTh PATUAIIMOHHOTO MEPEX01a

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

Mma y3ok. IllupuHa ero Aw, onpenensercsi BpeMEHEM MpOJieTa aTOMOB 4yepe3 JIyd
ro = d/vy (d — nunamerp ny4a, vy — CpelHssl CKOPOCTh aTOMOB) U YIIUPEHUEM JTH-
HUH 3a CYET CTOJIKHOBEHUH A @y

Aw, :i+Aa)CT, (1)
Ty

Mucbma B XIT®. 1967. T. 6. C. 597-600.
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Mirror Absorbing gas B
S S S s vz =z P R
/ S N N / > \ ~ - - \ < >
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/x\ N / ~ \ z z z \ < >
N i -
N S N - Z =z Z < >
Amplifying medium 4 Mirror

3. Let us place in the laser cavity a cell with absorbing gas, whose absorption
line at the frequency @, coincides with the gain line of the active medium at the fre-
quency @, (see the figure). At a sufficient excess of pump energy over threshold,
when a dip is produced in the absorption line, the generation frequency w is auto-
matically stabilized in the region of the loss minimum at the dip frequency @,. The
transition to the self-stabilization mode is effected if the generation frequency w is

maintained within the limits of the dip (|o— @y £ Awy). If the laser active medium
has a Doppler inhomogeneous broadening line width Aap,, and a homogeneous
width Aw, < Awp,y, then the self-stabilization conditions take the form

a

1 Aw, 1 a Ao, a’ Aw,
Sl = —, = , 3 :_b_
k" Ao,

<1, (2)

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

w=w,+58(Q-,)+(S, - 8;)(w, - w,), (3)

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

width A, < Aa,, ke, Awpoy, as a result of which we get S, S5, S3 < 1.

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

! The results for the case of strong saturation, as well as the stability conditions, will be
treated in a detailed paper.
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eciu Aé’l < 1/7. Hampumep, npu gaBnennn raza 10> Topp, KOraa oObIMHO Ay =
=10"-10° I'u, s myua auamerpom d = 1 eM (vg = 10°~10° cm/cex) mupuna nposa-
na Aw, =2:10%-2-10° T'n.

3. IlycTs B pe3oHaTope Na3epa HAXOIUTCS KIOBETA C MOTJIOLIAIOIIMM ra3oM,
JIMHUS TIOTJIOIEHNUS KOTOPOTO HAa YacTOTE ), COBMNAAAET C JMHUEH YCHIICHHS aK-
TUBHOM Cpelibl Ha 4acToTe @, (pUCyHOK). IIpn mocTaToYHOM mpeBbIIEHNH HAKauKH
HaJl IOpPOroM, Koraa oOpasyeTcs NpoBajl B IMHUHU IOTJIOLIEHUS], YaCTOTa TeHepalun
(® aBTOMaTHYECKH CTAaOMIM3UPYETCs B 001aCTH MUHUMYMa IOTEPh Ha YacTOTE Mpo-
Basa @,. Ilepexo B pexXuM aBTOCTaOMIN3aLMU JOCTUIAETCs, €CIIM 4acTOTa IeHepa-

MU @ TOICPKHUBACTCSA B Ipenenax nposana (|o— ay| S Awy). Ecnu akTuBHas cpe-
Jla Ja3epa UMeeT AOMNIUIEPOBCKYI0 HEOAHOPOAHYIO JIMHHUIO YIIUPEHHUS C IHUPHHOMN
A@yon 1 OTHOPOIHON MHUPUHON A@, < A@yoy, TO YCIOBHSI aBTOCTAOMIM3ALNN UME-
10T CJIETYIOIIHNM BU/I;

1 Ao, 1 a Ao, _a’ Ao,
Pk Aw,

S, = <1, (2)

B 2 = T
Pp ke Py k Aa))lon
rJie ¢ — CKOpOCTh CBeTa; p, = ak’, p, = bE* — napaMeTpsl HACHIILCHUS YCHIICHHS U
TMIOTJIOLEHUSI COOTBETCTBEHHO; @, kK — KO3 (PHUINEHTHI YCUIICHUS U TMOTJIOMIECHHS Ha
€AMHUILY JJMHBI COOTBETCTBEHHO. YacToTa TeHepallud @ B PEeXUME aBTOCTAOMIIH-
3alUX ONPEAETISETCS BEIPAXKECHUEM

a)=a)b+Sl(Q—a)b)+(S2—S3)(a)a—a)b), 3)

rae (2 — vactoTa pe3oHaropa. B ciydae akTHBHOW cpeibl ¢ OMHOPOTHON JTHHUESH
yCcHJIeHUs! BhIpaskeHHe (3) ocTaercsi CpaBelUIMBBIM, €CIIM B S, 3aMEHHTH JONILIe-
POBCKYIO IIMPUHY Ha OJHOPOAHYIO A@, 1 oJ0xkuTh S; = 0. Beipaxenue (3) moy-
YEHO B NPEATIONOKEHUH Py, Pp < 1, HO 3D (HeKTH aBTOCTAOMIM3ALNY CYILIECTBYIOT U
Tpy GONBIINX 3HAYCHHSX IapaMeTpoB Hackiuenns'. U3 (2) u (3) ciemyer, 4to cra-
Ooun3upyollee JeHCTBHE TOTJIOMIAIONIET0 Ta3a OOBSCHIETCS BO3HUKHOBEHHEM
Y3KOTO TpoBalia C MHUPHHOH A®, < Aw,, ke, A@yen, 32 CHET KOTOPOTO TapaMeTphl
S], Sz, S3 < 1.

4. JIns ocymIecTBICHHS NPEMIOKEHHOTO Jlazepa HEoOXOoIWMOo TOoao0paTh
aTOMBI MJIM MOJIEKYJIBI, O0JIafarolye JIMHUEH MOTIOMIEHHS Ha 4acTOTe U3Iy4YeHUS
Ja3epa HENpephIBHOTO ACWCTBUSA. YKaKeM Ha CIIEAYIONIHEe BE BO3MOXKHEIE TIa-
pel: 1) muams 3,3913 mxm He—Ne-mazepa coBmamaeT ¢ JIMHHEH MOTIIONMICHUS
2947,906 cm ' momexymst CH, ¢ Tounoctso 0,003 cM ' mpu ko3 dummuenTe moro-

! PesynbTaTbl A8 CAy4Yas CUILHOMO HACHIWEHUS U YCNOBUS YCTOMUMBOCTU BYAYT U3MOXKEHbI
B Noapo6Hoi nybnukaummn.
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In a number of cases the absorbing molecules can be those of the active me-
dium in the absence of excitation, for in this case the condition that the gain and ab-
sorption frequencies coincide is automatically satisfied.

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

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

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

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

addition, with A2,=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 Am, = 10° Hz for the absorption dip
and an accuracy 10 for the stabilization of the resonator frequency Q and of the

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

The author is deeply grateful to N.G. Basov for a discussion and support of
this work.
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wernst k = 0,17 e /Topp 1 Awe, =5 MI'w/Topp [5]; 2) munns 3,5070 mxm He—Xe-
Ja3zepa coBmajuaet ¢ tuHued nornomenus 2850,608 oM ! mounekynsl H,CO ¢ TouHo-
ctbio 0,007 M ' pu k =0,1 cM'/Topp [6]. [Ipu nasnenuu raza 10> Topp MOXKHO
MOJYYHUTh TITyOOKHI MpoBajl ¢ IIUPUHOU Aw, =5.10* Ty mox neficTBHEM TOMS C
MHTeHCHBHOCTHIO 102 Br/em?.

B kayecTBe MOMIOMIAIOIINX MOJEKYJ B PSNE CIy4aeB MOXHO HCIONB30BaTh
MOJIEKYJIbl aKTUBHOM Cpepl MPU OTCYTCTBHU BO30YXIECHUs, TaK KaKk YCJIOBHE COBIa-
JICHUS 4aCTOT YCHJICHUS U TIOTTIOIIEHHSI B 3TOM CIIy4ae BBITIOJIHAETCS aBTOMaTHYECKH.

IIpuBeneHHBIE TPUMEPHI MOMIOMIAIOMUX MOJIEKYJ SIBIAIOTCA JAJIEKO HE OIl-

THMAIBHBIMH, TaK Kak 11t HHX As,= 1 cex '. Haubomee BBIFOIHBI ATOMBI WITH MO-

nexynsl ¢ As=10°-10° cex . TIpu Takux 3HAYeHHSX A2, MOXKHO HCIIONB30BATH
BeCchMa HH3KHE JaBlieHus noriomaoomero raa (10 Topp), uto rapanTupyer BbI-
COKYIO CTaOWJIBHOCTb IIOJIO’KEHUS! JIMHUM TOIJIOMEHUs @,. Ilpu cTONp HU3KUX JaB-
JICHUSIX UTMHA CBOOOAHOTO Mpo0era COCTAaBISET AECATKA CAHTUMETPOB H, CIEA0Ba-
TEJIBHO, IPM MHOTOKPAaTHOM TIPOIYCKAaHHH Jy4a 4epe3 MOTJIOIIA0IINN Ta3 CTPOro
napajjieibHO caMOMy ce0e 3a CueT MOJIEKYJ, IEPEeceKaroluX I0CIIeI0BATEIbHO
HECKOJBKO JIy4ei, MOKHO MOJy4YUTh BECbMa Y3KHU MNpoBal ¢ LWIUPUHOU A, =
=10’ T'n. Kpome Toro, mpu Aflz 10°~10° cex ' CyIIECTBEHHO CHHKACTCS MOIIl-
HOCTh, HEOOX0JMast JI7Isl 00pa30BaHMs MPOBAIa.

5. BIIOJIHE peabHO MOy HeHHe POBaIa MOMIOMIEHHS ¢ WHPUHOH Aw, =10° 'y
M CTa0WIN3aNHns 9acTOTHI pe30HaTopa () W YacTOTHI JHHUW YCUJICHHS @), C TOYHO-

cteio 107, B atom ciyuae mpu py = 0,1-0,3 u Aw,, ke = 10° 't MOXHO OKHIaTh
CTaGHIPHOCTH YaCTOTHI TEHEPAIMH (@ OTHOCHTEIbHO @), mopsiaka 107", TTostomy
abCco0THAsE CTAaOMIIBHOCTh YacTOTHI TeHepaluu OylIeT OnpenensThes CTaOUIbHO-
CTBI0 YACTOTHI JIMHMM IOIIOMEHHS . IIpM HU3KHX JaBIeHHsax rasa (10—
10~ Topp) cTaGHIBHOCTb LEHTPA JHHHH TOTJIOMEHHsS OyIeT ONMpeaensThCs B3aH-
MOHeﬁCTBHeM MOJICKYJ CO CTCHKaMH KIOBCTHI U, MO-BUAUMOMY, MOXKCT OBITh HE
xyxe 107"

ABTOp ri1y0oko Onaromapen akagemuky H.I'. BacoBy 3a oOcyskaeHue U MOJ-
JICPIKKY HACTOSIIEH paOOTHI.
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Absorption saturation effects in a gas laser?
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Radiation parameters of a 0.63-um He—Ne laser having an absorbing cell with
a discharge in pure neon were studied. A dip in the absorption line center produced a
peak in the output power whose width was determined by the Lorenztian absorption
linewidth. The power peak was broadened by 15+ 10 MHz per 1 mm Hg with in-
creasing the neon pressure and shifted with respect to the gain line maximum. The
neon line shift upon adding helium and neon was equal to 2143 and 6.2+2 MHz per
1 mm Hg, respectively. The possibility is shown for using the described phenomenon
for frequency reproducibility. The achievement of the absolute reproducibility of the
He—Ne-laser frequency of the order of 10~ is reported.

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

B 2|BE] r’ _(Q—AT

G =G, {1 RIT, {1+F12+(Q—A)2 exp|—| —— 1 |, (1)
) 2BE I _(QJZ

= {1 HIT, {1 T’ Hexp{ W) | ~

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

B.H. JlucuubiH, B.I1. YeboTaes

NHCTUTYT dunsmkm nonynposogHmMkos Cubumpckoro otaeneHms Akagemnm Hayk CCCP
MocTtynuno B peaakumio 7 ceHTsabps 1967 r.

Uccnenopanucek xapaktepucTuku usnydeHuss He—Ne-nazepa ¢ J1MHON BOJIHBI
A =0,63 MKM U TIOTJIOMIAONICH SYCHKOM ¢ Pa3psIoM B YUCTOM HeoHe. [IpoBait B 1ieH-
Tpe JIMHUH TIOTJIONICHHUS BBI3BIBAJ MUK MOIIHOCTU T€HEPAIIUH, ITUPHUHA KOTOPOTO OII-
penemnsuiach JOPEHIIEBON IMMPHHON JIMHWUW ToriomeHus. Habmogamock ymmpeHwe
15+ 10 MI'g Ha 1 MM pT. CT. KA MOUIHOCTH C YBEJIMYEHHEM AABIICHUS HEOHA, a
TaK)Ke CMEILEHUE MHKA [0 OTHOLICHUIO K MAaKCUMYMY JIMHUU ycwieHus. CIOBur jau-
HUU HEOHA TpU M0O0ABICHUW TelUs W HEOHA OKAa3aJCsi COOTBETCTBEHHO PABHBIM
21£3 u 62+2 Ml Ha 1 MM pT. cT. [TokazaHa BO3MOXHOCTE HCIIOJIb30BAHHUS OIIH-
CBIBAEMOTO SIBJIICHUS IUTSI [Ieel BOCIIPOM3BOIMMOCTH YacToThl. Coobmraercs o goc-
THYKEHUH a0COIIIOTHON BOCHPOU3BOAMMOCTH YacToThl He—Ne-na3epa mopsiaka 107°.

1. Uzyuyenne 3(hpekToB HACHIIEHHS B ra3aX B ONTHYECKOM 001acTH CIieKTpa
OTpaHUYMBAIIOCH B OCHOBHOM HCCII€IOBaHHEM TOBEIEHHS aKTUBHOW CpENIbl B PE30-
Hatope OKI" [1-4]. MBI Hadanu u3ydaTh HACBHIIIEHHUE TOTJIOMICHUS JABIKYIITUMUCS
aToMaM# B CUJIBHOM IIOJIE€ CTOSIYE€W BOJIHBL. 31€Ch, KaK U B CIy4Yae HACBIILECHUS YCU-
JICHHSI, MOTYT HAOJIFOIaThCS SIBIICHUS, 00YCIIOBJICHHBIC BO3SHUKHOBEHUEM MPOBAJIOB
B paclpe/ieJIeHMH aTOMOB IO CKOPOCTSAM oJ AelicTBueM noisi. Hanbosee npocto u
€CTECTBEHHO U3y4aTh 2P (EKTHl HACKHIIICHUS TIOTJIONICHHS C SUEHKOMH, TOMEIIEHHOMH
B pe3onarope OKI'. OgHako mpu 10CTaTO9HO OOINBIIIOM 3HAYSHHUH MOTIIOMICHUS 3TO
HACBIIICHUE B 3HAUUTEIBHOM CTENEHH OMNpEACNieT XapaKTePUCTUKU H3IYUYCHUS
OKT'. Bnusaue HacblmeHus norjouieHus Ha xapakrepuctuku OKI' cranoButcs
0COOCHHO TPHBIIEKATENBHBIM, KOTJ]a yAapHbIe ITUPUHBL, a CIEI0BATENbHO, U TMapa-
METpPBl HACHIIICHHUS, OKA3bIBAIOTCS 3aMETHO pa3nuyHbiMU. HackllieHue morioiie-
HUS B TMPUCYTCTBUU CTOJKHOBEHHMM 3aBUCHUT OT XapaKTepa CTOJIKHOBEHHUH. J[ms Ka-
YECTBEHHOTO OITMCAHMS ABJIEHUH MBI OyIeM HCIIONB30BaTh MPOCTEHUIIYI0 MOJAECIH
JIOpEHLIEBA ylIUpeHus. B ciyyae nopeHueBa MexaHu3Ma ymupeHus ycuinenue G u
norjomenrue 7' ¢ TOYHOCTBIO J0 MEPBBIX WICHOB PA3IOKEHHUS MO IMONIO CTOSYEH
BOJIHBI C aMIIUTYA0U E mpeacTaBuM B BUE

2 2
2|BE 2 Q-A
G=Goql- |2 | I+ — 5 | (P _(—j ’ .
RTT, | T24(Q-A) kv
20pEf [, 1} &)
T=Ty{1- 1+——2 exp|—| —| |, 2
Ve, | e |00 e @

# K3T®. 1968. T. 54, Bbin. 2. C. 419-423.
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where G, and 7; are unsaturated gain and absorption at the line center; I' is the
quantity related to the lifetimes of the upper z,, and lower 7, levels by the expression
/T =174+1; 1 and I'; are the Lorentzian half-widths in amplifying and absorbing
media related to the natural half-width I'y equal to the sum of the radiative half-
widths of the working levels and to the collision frequency v leading to the phase in-
terruption by the expressions I'y =1y +¥, and I, =1y +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 I',.
The equality of the gain and absorption to the resonator losses R allows one to de-
termine the field in the resonator:

Ep=T0 T R 1(uj
C2p G, G, kv

2 2 -l
X 1'|'%—£i 1+% . (3)

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

Ty /Gy > (T, /Ty ). )

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

The output power peak on the curve of the frequency dependence of the field
was observed in the neon pressure region from 5x107% to 4 mm Hg. Presence of the
generation peak at neon pressures in the cell, which exceeded the helium pressure in
the amplifying tube by several times, indicated a smaller quantity of a collision
broadening in neon compared to helium. When absorption was increased, the power

peak increased in accordance with expression (3). At 7511 /Gy I, < 1, the observed
frequency dependence of the laser power is well described by expression (3). The
output power increases with increasing absorption (unsaturated absorption grows
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rae Gou Ty — HeHachlIIEHHbIE YCHICHHUE U TOTJIOIIEHUE B LIEHTpe JuHMY; I — Be-
JIMYMHA, CBA3aHHAS C BPEMEHAMU JKU3HU BEPXHETO Ty M HWKHETO 7, YPOBHEH COOT-
HomeHueM 1/I'=17,+7,; I'y u [, — nopeHneBsl NOIyMUpUHBL (B yCHIUBAIOMIEH U
MOTJIOINAKOIIEH CpefjaX, CBSI3aHHBIE C €CTECTBEHHOM mnomymupuHou Iy, paBHOM’
CyMMe paJIMallMOHHBIX TONYIIUPUH pabouyux YpOBHEH, U YAaCTOTOH CTOJIKHOBEHHH
v, npuBojsmeil k c600 (as3bl, COOTBETCTBEHHO cooTHomeHusmu I'y =T+,

In=Ty+V,;  — paccTpoiika OTHOCUTENBHO LIEHTPA JIMHUU MOTJIOUIeHusT; A —

CIABHI' LICHTpPA JIMHUA YCUIICHUA U3-3a CTOJIKHOBECHUI.

B BLI6paHHOI>'I HaMH1 MOJCIIN BpEMs B3aHMOHeﬁCTBHH aTOMOB C IIOJIEM HEC H3-
MCHACTCA MPU CTOJIKHOBCHUAX U 3(1)(1)CKTLI JAABJICHUA YYUTBIBAIOTCA JIMIIb B YJICHAX
F] nu Fz. U3 PaBCHCTBA PAa3HOCTU YCUJICHUS U IMOTJIOIICHUS IOTCPAM B pE30HATOPC R
OIIPEACIIMM I10JIE B pE30HATOPC:

2 2
RIL ), T R 1+(Q Aj

S R

R
kv

r’ T, T rz "
t v | )
IT+@Q-A)°" G T, ri+Q

[epBble nBa wjeHa B 3HAMEHAaTeJe CBsI3aHBI C OOpA30BaHHMEM XOPOIIO W3BECTHOTO
MIpOBaJia MOIITHOCTH TEHEPAllMU B IIEHTPE JIMHUM ycrineHus [3]. Tperunit wieH, cBsI3aH-
HBIH ¢ 00pa30BaHMEM IMPOBAJIA B JIMHUH MOTJIOMICHUS, OMUCHIBACT YBEIMUSHNE MOIII-
HOCTH B [IEHTPE JIMHHUHU TIOTJIOIIEHHs. [IpyriMuy clI0BaMH, MUK MOITHOCTH Te€HEPAITUH
0T00OpakaeT BO3HMKHOBEHHUE MPOBAja W3-32 TEPEKPBITHS «IBIPOK», MPOKUTAEMBIX
CHJIBHBIM I10JIEM B JIMHUU ITOTJIOIICHUSI. YcaoBue IMOJIYy4YCHHA IMTMKa MOUITHOCTHU €CTh

Ty /Gy > (T, /Ty ). 4)

2. DxcnepuMeHThl Obutn TipoBeneHbl ¢ He—Ne-mazepom Ha A= 0,63 MKM.
PaccTosiHIe MeXTy 3epkanaMu ObUTo paBHO 64 cM. Mcromb3oBamuch u3otombl Ne?
1 He’. OziHako omuchIBaeMble HIKE SBICHHS HAOMIONANNCH U C eCTECTBEHHBIM He-
oHOM. B ycunurensHoi TpyOke, HanomHsiemoit cMecbio He—Ne, Bo3Oyxancsa pas-
P MIOCTOSIHHOTO TOKa, B TOTJIOIIAIOIICH stueiike Bo30yxaaincs BY paspsa. OnHo
U3 3epKall pe30HaTopa yKPeIULUIOCh Ha Mhe30KepaMHuKe, Ha KOTOPYIO IOAaBajioCh
HaTpsDKEHHE OT TeHepaTopa MIT000pa3HbIX HaNpsDKeHHH. {11 MHANKAINN UCTIONb-
30BaJIMCh ocuuutorpad u camomnucen. 3aBUCUMOCTh MOIITHOCTH T'€HEepaIul OT Jac-
TOTHI HCCIIE[lOBajach B LIMPOKOM [MAaNa3oHE JABJICHWH HEOHAa B MOTJIOIIAIOLICH
TpyOKe U resiis — B YCHUIIMBAIOIIEH.

[Iuk MOILTHOCTH TeHepanuMu Ha KPUBOW 3aBUCHUMOCTH IOJII OT YacTOTHI Ha-
GIIIofalICcs B AMATA30HE JaBIeHHi HeoHa oT 5107 1o 4 MM pr. cr. Hannune muka
TeHepalluy MPHU JABJICHUSAX HEOHA B SUEHKe, B HECKOIBKO pa3 MPEBBIIAIOIINX IaB-
JICHWE TeNWs B YCHJIMTEIBHON TpyOKe, TOBOPHIIO O MEHbBIIEH BEIMYUHE YIAPHOTO
YIIMPEHHS B HEOHE 10 CPAaBHEHUIO ¢ renueM. [Ipu yBenudeHun MOrioIeH s Belu-
YMHA NMMKa YBEIMYUBAIACh B COOTBETCTBUH C (opmyJioii (3). [Ipu 3HaueHusX mapa-
metpa Ty ['; /Gy ', < 1 nabmogaemas 3aBucumoctb MomHocTH OKI™ oT 9acToTs
xopouio onuckiBaeTcs Gopmysnoit (3). [Ipu yBennueHHH MOTIONICHUS] MOIIHOCTD Te-
Hepaluu pacTeT (YBEIMUYeHNE HEHACHIIEHHOTO TOTTIOEHHUS IPOU3BOJUTCS OJTHOBpE-
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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 |8E|/A’I'T, 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 7o'y /G I > 1, hysteresis phe-
nomena [5] take place both when the frequency and the gain change.

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

At neon pressures of the order of 10" mm Hg, the Lorentz linewidth A=
=0.63 um is caused only by radiative decay of 3s, and 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', = 28%10° 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"* em’.

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

Pou 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-

put power P, on the resonator fel.rent types of resonators. It ig very convenient' Fhat
length L in the absorbing tube thls selection goes with the 51-multaneous stabiliza-
at pxe = 0.1 mm Hg; in the am-  tion of the laser frequency with respect to the ab-
plifying tube at py.=0.lmmHg  sorption line center. We observed an increase in the
and py. = 1.5 mm Hg output power in one type of oscillations approxima-

Fig. 1. Dependence of the out-
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MEHHO C YBEJIMYEHNEM HEHACHIIIEHHOTO YCHJICHHUS, TaK YTO TpeBbIIeHue d(h(heKTHB-
HOTO YCHJICHUS HaJ OPOTOM OCTAeTCsl HEM3MEHHBIM). JTO MPUBOAUT K YIIHPEHUIO
MUKa TI0JIeM, YTO He yuuThiBaeTcs dopmyioit (3). OmeHKH MOKa3bIBAIOT, YTO B Ha-
1reM ciydae napamerp Hacbiutenus |SE/A°TT, B HOrIOLIAOIIeH TpyOKe MOT JOCTH-
raTh 3HAYEHUS MOpsaKa eawHHIBl. Toraa B dopmyie (2) HEOOXOIUMO YIHUTHIBATH
CIIEAYIOIINE IO TIONI0 WieHBl pasnoxenus. U, nakownen, xorma 7o /GyI, > 1, Ha-
CTYNAIOT TUCTEPE3UCHBIC SIBIICHHS [S5] KaK NPU U3MEHEHUH YacTOThI, TaK U IPH U3Me-
HEHHUHU YCHIICHHSL.

C pocToM naBieHHs HEOHA B TOTJIOMIAIONIEH sUeiike TakXKe HaOF0IaIoCh
YIIHpEeHHE MHKa, 00YCIOBICHHOE CTONKHOBeHUsIMU. Hike Ha puc. 2 npeacraBieHa
3aBHCHUMOCTD JIOPCHIICBOW MOJYIIUPUHBI JIUHUH B (PYHKIUW JTABICHUS HEOHA Pne.
OTH 1aHHBIC OOHAPYKUBAIOT 3aMETHOE PACXOXkKICHUE C HAOIIOIaeMbIM YIIUPEHUEM
B CIIOHTaHHOM M3;Iy4eHnH B cMecu He—Ne, KkoTopoe ObLTO TOJTy4YeHO OJHUM U3 aB-
TOpoB coBMecTHO ¢ benHerom m KayTcoHoMm. bonee meranbHBI aHamu3 STHX pe-
3yJBTaTOB B HACTOAIIEE BPEMS TIPOBOTUTCSL.

Ipu faBieHMsIX HeoHa mopsiaka 107 MM PT. CT. JTOpeHIIeBa MHUPHHA JINHAN A =
= 0,63 MK 00yCIIOBJICHA JIMIIb PAUAIIUOHHBIM 3aTyXaHUEM 35,- U 2ps-ypoBHeil. U3
JaHHBIX Pa0OT T BpeMEH XHU3HU YpoBHEH 35, [6] U 2p4 [7] paanaunoHHas mupHuHa
nepexona 3s,—2p4 6€3 ydera paJualnoHHOTO paciaja B OCHOBHOE COCTOSHHE paBHA
14,3-106 I'm. PasnocTs Mexmy HaOMOTacMBIM HaMHU 3HAYCHHEM 21, =2810°T u
YKa3aHHBIM BBIIIIE MOXET OBITh MPHUIKMCAHA JOTIOJIHUTEIBHOMY BKJIAAY B YIIHPCHHUE,
KOTOpOE J]aeT Iepexo]] B OCHOBHOE COCTOSIHHE. BeposTHOCTh 3TOTO mepexoa, Clemo-
BaTelbHO, paBHa 8,5:107 + 107 cex . HaiiaeHHBIH pe3yIbTaT MO3BOMSET CPABHATH Ha-
OmoaeMoe ylapHOE YIIMPEHHE C pacyeTHBIM B IPEION0KEHHH PE30HAHCHOTO
obomena [8]. Ilo mopsaky BEIMYMHBI AKCIEPUMEHTAIHLHOE W PACUCTHOE 3HAUCHHS
YAapHOTO yIUpeHus THHUHN HeoHa A = 0,63 MKM B COOCTBEHHOM Ta3e COTTIacyIOTCH.

Heob6xoamumo oTMeTuTh, 4To HaOM0JaeMblii HAMH CIIBHUT JIMHHUHU TIPU J00aBIIe-
HUM HEOHA CBUJCTENLCTBYET O HAIMYHMH U JIPYTUX MEXaHWU3MOB YIIMPECHUS JHHUH,
00yCJIOBIEHHBIX B3aMMOJICHCTBUEM CTATKUBAIOIIMXCS YACTHUI] M JAFOIIUX aHOMAITEHO
GOJIBIINE CEUEHHS yAapHOTo yimperns ~5-107* cm?.

3. BBeseHue B pe3oHATOp Jiazepa IMOrJIoNIaro-
el SUeHKH CyIIecTBEHHO M3MEHSET QOpMY JUHHH P
ycuieHuns caboro cCUrHasia B MPUCYTCTBUX CHIIBHOTO
nojist. (MBI UMeeM B BUIy U3MEHEHHE (POPMBI JINHUK
3¢ PEeKTUBHOTO yCHIIeHUs, 00yCIOBIEHHOE H3MEHe-
HUEM pacTpe/ielieHus] aTOMOB TI0 CKOPOCTSIM B CHITb-
HOM Tiosie ©e3 ydyera MHTepPEepEeHLHOHHBIX 3(PQeK-
TOB, paccMOTpeHHBIX Paytmanom u CoOerbMaHOM
[9].) CyxeHue nuHUEM UMEET MECTO B IpeJeNax Jio-
PEHIIEBO MIMPHHBI B TorIiomaroieii Tpyoke. Torma
THTT KOJIeOaHUH, pacrojIOKEHHBIA B IICHTPE JTHMHUH
HCTIBITHIBACT 3AMETHO MEHBIEE MOMOMEHHE MO \oons [ B normomaroumeit
CPaBHEHHIO C COCETHHUMH. DTO PAaBHO3HAYHO CENCK-  puGre py.=0,1 M pT. CL.; B
LUK MOJI, KOTOPAst TOCTUIaeTCs 3a CYET CBOMCTB CPE-  yeynprenshoii TpyOKe e =
Zbl, @ He 33 CYET MCIOJb30BAHMA PA3IMYHBIX BUIOB  =(,] MMpPT.CT. U pye
pe3onaTopoB. OueHb yn00HO, YTO TaKOM THII CENEK- = 1,5 MM PT. CT.

22 L

Puc. 1. 3aBUCMMOCTb MOIITHOCTH
reHepauuu Py, OT JUIMHBI 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
436
15 432 20
4128
424 1 1 |
! ! ! 0 1 2 3
0 0,5 1,0 1,5 PHe, mm Hg
PNe»> mm Hg

Fig. 2. Lorentz width and shift of the output ~ Fig. 3. Shift of the output maximum with
maximum during the measurement the neon  changing the helium pressure in the ampli-
pressure; pne = 0.1 mm Hg, py. = 1.2 mm Hg  fying tube; pxe = pne = 0.1 mm Hg
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MM COYETAETCS C OTHOBpeMEHHOU crabmmm3ammei yactorel OKI' oTHOCHTENTHEHO
IIEHTpA JIMHUY TOTJIOMEeHU. MBI HaOIIOMaIH YBETHICHIE MOIITHOCTH TeHEPAINH B
OJTHOM THUTIE KOJIeOaHWW MPUMEPHO Ha JBa MOPSIKA MO0 CPABHEHUIO C MOITHOCTBIO
3TOTO K€ TeHepaTopa Ha OJJHOM THIIEC KOJIeOaHHii Oe3 TOTIIOIIAIOIICH SYCHKY.

4. Kak BuAHO U3 puc. 1, MUK MOIIHOCTH T€HEPAIUU CMEIICH OTHOCUTEIBHO
[IEHTpa JIMHUU YCUJICHHs. Beaumdnna 3Toro cMemnieHus A 3aBucera Kak OT JaBICHUS
HEOHa B TIOTJIomatome TpyOKe, Tak M OT JaBJICHUS TelINs B YCUIUTEIIBHON TPyOKe.
OueBUIHO, YTO TEPBOE COOTBETCTBYET CABHUTY JIMHWW TIOTJIOMICHHS, 0OYCIOBIICH-
HOMY CTOJKHOBEHHUSIMU HEOH—HEOH, BTOPOE€ — CABHUTY JUHUHU YCUJICHUS H3-32
CTOJIKHOBeHUH HeoH-Tenuil. Ha puc. 2 u 3 mpeacraBieHbl COOTBETCTBEHHO 3aBHU-
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 U3MepeHNi CIBUT JIMHUH JIMHEHHO 3aBHCHT OT JaBJIe-
HUsA. MakCUMyM yCHJICHHS C POCTOM JIaBJICHHS 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 00JIaCTH JaBICHUN. 3HAK CIBUTA OII-
penensuics ¢ nomompio 10-cantumerpoBoro uHTepdepomerpa dadpu—Ilepo mpu
ckaanpoBanu 9acToThl OKI'. CaBuT MHHWY YCHIICHUS OY€HDb XOPOIIO COTIIACyeTCs
C BBINTOJTHCHHBIMA HETaBHO M3MEPEHUSIMHU OTHOTO M3 aBTOpoB BMecte ¢ C.H. bara-
eBbiM U 1O.J[. KonomuukoBeiM [10] npu uccnenoBanuu casura yactorel He—Ne-
OKT', HacTpanBaeMoOro Ha MaKCUMYM JIMHUU YCHUIICHUSL.

[Ipu naBnenuu renus MeHee 1 MM pT. CT. Ha KPUBOU 3aBUCUMOCTH MOIITHOCTHU
TeHepalMyi OT YaCTOThl HAOMIOMAJICS Kak MpoBaj, Tak ¥ NuK. CMelleHne mpoBania
OTHOCHUTEJILHO MHUKA CBUJETEIHLCTBYET O TOM, YTO CIIBUT MAaKCUMyMa JIMHUHU yCHUJIe-
HUS B TeTUU OOYCIIOBJICH B OCHOBHOM B3aWMOJCHCTBHEM, TIPH KOTOPOM JIMHUS
cMelnaeTcs Kak 1eioe 0e3 CyliecTBeHHOTo u3MeHeHus (opMEl, T.e. B cmecu He—Ne
CMEIIECHIE MaKCUMyMa JIMHUU YCUJICHUS U3-3a ACUMMETPUU 3HAUUTEIHHO MEHBIIIE
capura jguHuU 1o Betickondy. K aHamoruyHOMy BBIBOJY MPHIILUIA aBTOPHI YITOMSI-
HYyTOH BbIIIE paboThl, uccaenys cmenienne yactorel He—Ne-OKI' mpu Hactpoiike
reHeparopa Ha MaKCUMYyM JIMHUHW YCUJIEHUS U Ha MPOBaJl B MOITHOCTH T€HEPAIIUH.

Iy, MI'g A, MI'n A, MI'
60
30
1440 40
—36
15 —432 20+
—28
- 24 1 1 |
L L L 0 1 2 3
0 0,5 1,0 1,5 PHes MM PT. CT.

PNe> MM PT. CT.

Puc. 2. Jlopennesa mmpuHa u cMmelieHre nu- — Puc. 3. CMmelleHue nuka reuepamiuy npu u3-
Ka TeHepaluy Npyu U3MEHEHHUW JABJICHUS He-  MEHEHUU JABJICHHsS Telusl B YCUIIUTEIbHOMI
0Ha; pne = 0,1 MM pT. CT., pye = 1,2 MM pT. CT. TpyOKe; pne = Pne = 0,1 MM pT. cT.
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broadening at A =0.63 um in the experiments with a strong field than the atomic
diffusion model in the velocity space considered in [4].

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

()

3

| 20-T0/Goly) Gor_é_@[gf A
(1-Ty/Gy —Ry/Go)(kv)* Ty T} Ty \ T,

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

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

The authors thank S.G. Rautian, A.P. Kazantsev, G.I. Surdutovich for useful
advice and discussions of issues touched upon in this paper, W.R. Bennet for dis-
cussing the mechanism of collision broadening in neon, S.N. Bagayev for discuss-
ing the mechanism of the gain-line maximum shift. The authors also express their
gratitude to G.A. Milushkin and A.K. Maslov for their help in the experiments.
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! These experiments were performed in collaboration with S.N. Bagayev and Yu.D. Kolom-
nikov, to whom the authors express their gratitude. The frequency reproducibility of the
He-Ne laser with the absorbing cell tuned to the absorption line center was studied. The
helium pressure in the amplifying tube varied in a very wide range, while the neon pres-
sure in the absorbing cell varied from 5x107% to 2x10™* mm Hg. Under these conditions
the frequency reproducibility of 1.5x107° was achieved.
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HaGmonaembie CIBUTH, CPABHUMBIC C YIIHPSHUEM, YKa3bIBAIOT, YTO B3aMMO-
JIEUCTBHUE, PUBOJISIIEE K YINUPSHUIO JIMHHH, SBISCTCS, O-BUAUMOMY, OOJiee BasKHOIM
MPUYHHON YIIIUPEHUS THHUK HeoHa A= (0,63 MKM B SKCIIEPUMEHTAaX C CHIIBHBIM IOJIEM,
4yeM paccMoTpeHHas B [4] Mozaenb auddy3ur aTOMOB B IPOCTPAHCTBE CKOPOCTEH.

5. ITux MONTHOCTH T'eHEpaIli MOXKET CIYKUTh XOPOIIUM CPEICTBOM CTabu-
ym3arun yactotel OKI'. [Ipu Manbix naBieHUSAX, KOTAA BIUSHUEM CTOJKHOBCHUU B
siueiike MOXKHO TIpeHeOpedb, OyIeT JOCTUTAThCS BBICOKAs abCOINFOTHAS BOCHPOM3-
BOJMMOCTB 4acTOThI ra3oBbix OKI', 4To OYeHb BaXKHO JUJIsl CO3JJaHUSI 3TAJIOHOB JIJTH-
HBI. H_II/IpI/IHa IIMKa B 3TOM ClIy4dac OIMpeACIACTCAd palvallUOHHBIM 3aTyXaHUEM
YPOBHEH M 3HAUEHUE BOCIPOM3BOIMMOCTH YACTOThI OyJIET CPAaBHUMO C BOCIPOH3-
BOAUMOCTBIO, KOTOpasd MOXKCET GI)ITB IoJrydyeHa € HUCIIOJIb30BAHUEM ATOMHBIX ITy4-
koB. C/IBUT JIMHUH YCHIICHHS B TPYOKe JaeT HEKOTOPOE 3aTSATMBaHHE MUKA MOIIHO-
CTH, KOTOpoe 13 GopmyItsl (3) onpenemnseTcs: Kak

| 20-T%/GT) G I3 Gy(Ta
S (-Ty/Go Ry [Go)kv)* Ty Ty Ty \ T,

3

)

Jlns He—Ne-OKI™ mmeeM Bocmpom3BoauMocts 107 B IIMPOKOM IHAra3oHe
JIaBJICHUH TeNus B yCUIUTEIHHOU TpyOKe.

[IpenBapurensHble MCCIIEAOBAHUS BOCIPOU3BOIUMOCTH 4acToThl He—Ne-nase-
pa ¢ TOTJIOMAIOIIEH SYeHKON, CTa0MIM3UPYEMOro Ha IIEHTP JMHWH IOTJIOIICHHUS,
TOKA3aJIH, 4TO BOCIPOM3BOAMMOCTh YacTOThl 10 CPABHHTENBHO JIETKO JOCTHIACTCS
[10]'. Vicrionb3oBanne KoIeOaTENbHBIX CIIEKTPOB MOMOMIEHNS MOJIEKYI B COUCTAHHH
C M3BECTHBIMH JIa3€PaMH JIaCT BO3MOXKHOCTbH ITOIYYHTh BOCIIPOU3BOIUMOCTh YacTOTHI,
TIPEBBIIAIONIYI0 YKa3aHHYI0 Ha HECKOJBKO MOPSIKOB. B KauecTBe mpumepa MOXKHO
yKa3aTh cucTeMy MetaH—He—Ne-1azep, paboTaromiyro Ha [UTHHE BOJTHBI A = 3,39 MKM.

Astopsl uckpenne Onmarogapsat C.I'. Payruana, A.Il. Kasanuesa, I'.1. Cypny-
TOBHYA 32 COBETHI M 00CYXI€HHE BOIIPOCOB, 3aTPOHYTHIX B 3TOM pabote, B.P. bennera
3a 00cyXIeHre MexaHn3Ma yaapHoro yimpenus B Heone, C.H. baraesa 3a o0cyxmae-
HUE MEXaHW3Ma CABHTa MaKCHMyMa JIMHWUHM yCHJIEHWS. ABTOPBHI Takke OiaromapHeI
I'.A. Munymkuny u A.K. MaciioBy 3a moMoiiib B IpOBeJIEHUH 3KCIIEPUMEHTOB.
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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 107 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 10~ at a working He pressure of 200 to 267 Pa in the la-
ser tube, it is necessary to maintain the pressure with an absolute error of no more
than 2 to 3 %. Obviously, one can hardly do this for a long time in a sealed-off dis-
charge tube. In addition, as our experiments showed, the asymmetry, caused by in-
teratomic collisions, makes the frequency corresponding to the minimum power de-
pendent on the level of discharge excitation when the Lamb dip is used for
frequency tuning. The laser frequency stabilized using a Zeeman absorption cell
also shifts when changing the excitation level and magnetic field in the cell [3].

In this context, the stabilization methods in which the effect of atomic colli-
sions can be neglected are of great interest.

Here, we implemented for the first time a new method for stabilizing the fre-
quency of a He—Ne laser with 4= 0.63 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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Ctabunnsaumns u BOCNpPOM3BOAMMOCTb YacTOThl
renvii-HeoHoBoro nasepa Ha A = 0,63 MkmM*

C.H. baraes, 10.[]. KonomHukoB, B.I1. Yeb6oTaeB

NHCTUTYT dunsmkm nonynposoaHmMkos Cubupckoro otaenenms Akagemnm Hayk CCCP
Moctynuno B peaakuuto 4 anpens 1968 r.

Panee coo01ianock 0 TOCTHKEHUH BHICOKOH CTA0MIIBHOCTU YaCTOTHI Ta30BbIX
nasepos mopsaka 10°—107"° [1-3]. K oCHOBHBIM MeTonam cTaGmimsarmu, Hanbosee
YacTO BCTPEUAIOMIMMCS Ha MPAKTUKE, MOXXHO OTHECTH: CTAOWIIM3AIUIO 0 MPOBATY
JIaM0a, 0 TUCTIEPCUOHHBIM XapaKTEPUCTUKAM U METOJI, UCIIOJIL3YIOIINI 36eMaHOB-
CKYIO siueiiKy nornouienus [4, 5].

OpHako, Kak MOKa3ajiW JalbHEHIINE WCCIEeNOBAHUA, NOJITOBPEMEHHas CTa-
OMJILHOCTH Y BOCIIPOM3BOJAUMOCTD YACTOTHI JIA3€POB OCTABAIACH JOBOJIEHO HU3KOM,
paBHOI 107108 B [6] ObLTO TOKa3aHO, YTO BOCIIPOU3BOJUMOCTH JUIMHBI BOJHBI
m3nyuyeHuss He—Ne-nasepa na 4 = 0,63 mxMm 3a 1000 yacoB ycTynaer BOCHPOH3BO-
JMMOCTH JUTHHBI BOJHBI *°Kr 1 cocTaBmsier BenmuunHy mopsaka 10, K Takomy xe
pe3ysIbTaTy MPHBOJAT MCCIENOBAHMS CABHIa M acuMMeTpun nuHun Ne 6328 A us3-
3a 3¢dekra CTONKHOBEHUH C aTOMaMu TelUs U HEOHA, MPOBEIACHHBIC aBTOPAMH
3TON paboOTHI. BBIIO MOTyYeHo, YTO IpHU U3MEHEHUH JIaBIIeHUs H30ToMa renus 3 u 4
WMEEeT MECTO JIMHEHHBIH CHBHT JUHUH B (D)HOJIETOBYIO 00JAacTh Ha BEIHMUHHY
20£2MI'nu 16 £2 MI'ty Ha 133,3 H/M? cooTBeTCTBEHHO. B urcTOM HeoHe CIBUT
3HAYNTEIBHO MEHBIIE U cocTaBsier 6 + 1 MI'n Ha 133,3 H/M” B KpacHyIo 00J1acTh.
Otcioa BHIHO, YTO M3MCHEHHE JaBJICHNUS Te/Iisl B JIa3epHOi TpyOke Ha 13,33 H/M?,
YTO BIIOJIHE PEaIbHO 3a Bpems mopsiaka 100 gacos, cMemaeT MakKCUMyM JIMHUH Ha
BennuuHy 2 MI'1, yTo cocraBiser 510" wacToThI nazepa. Takum obpas3om, s
TOJTyYeHHs TOITOBPEMEHHOM BOCIIPOM3BOAMMOCTH 4acToThl 10 mpu paGouem nas-
JICHHH TeNust B J1a3epHoii Tpyoke 200—267 H/M* HE06XOAMMO MOLICPIKHBATD H BOC-
MPOU3BONTH JIABJICHUE ¢ aOCOIOTHON MOTPEIIHOCTEI0 He Oosee 2—3 %. SIcHo, uTo
B TE€YEHHE IJUTEIHOTO BPEMEHH TOIEPKUBATh AaBICHUE C TaKOW TOYHOCTBHIO B
OTHAsSHHOW pa3psAaHON TpyOKe MPakTHICCKH HEBO3MOXKHO. Kpome Toro, Kak moka-
3a]d HAIIA JKCIEPUMEHTHI, MPUCYTCTBHE ACHMMETPUU JWHUHU, OOYCIIOBJICHHON
CTOJIKHOBEHHSIMH aTOMOB, MPUBOAUT K 3aBUCUMOCTHU MOJIOXKEHHUSI MUHUMYMa MOIII-
HOCTH TI0 4acTOTE€ OT YPOBHS BO3OYKIEHHs pa3psaa MpH HACTPOUKE YaCTOTHI IO
npoBainy JIsmba. Taxke HaOMOAAETCS CABUT YaCTOTHI Jiazepa, CTaOMIM3UPOBAHHO-
T0 MPH MOMOIIHY 3€EMAaHOBCKOM STUEHKH MOTJIOIIEHUS, IPU U3MEHEHUU YPOBHS BO3-
Oy XIeHUsI M1 MaTHUTHOTO TI0JIA B styeiike [3].

B cBs3U ¢ 3THM OOITBIIION MHTEPEC MPECTaBISIET UCIONb30BaHNE TaKUX METO-
JIOB CTAOMJIM3AIIMH, B KOTOPBIX BIMSHHEM 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 4= 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

i[&] .1,

GO FZ
where T, and Gy are, respectively, the unsaturated absorption and gain of the laser
medium and I'; and I'; are the Lorentzian half-widths in the amplifying and absorb-
ing media. As the calculations and experiments showed, a fairly sharp peak is ob-
served at To/Gy = 0.1. Hence, one can use very low absorption, on the order of sev-
eral hundredths of a percent, and thus operate at low (1.33 to 13.3 Pa) pressures. In
this pressure range interatomic collisions are very rare, and the peak width barely
differs from the natural width.

Small shift of absorption line with a change in the Ne pressure in the cell.
Indeed, as follows from the aforesaid, a change in the neon pressure by 1.33 Pa
shifts the line by about 60 kHz. This means the following: to obtain a frequency re-
producibility better than 10°°, one has to maintain the neon pressure in the absorp-
tion cell with an error of 100 to 200% at operating pressures of 13.3 to 6.7 Pa,
which is easy to realize.

As was shown in [7], due to the shift of the gain line with a change in the he-
lium pressure in the tube, the lasing power peak undergoes a shift, which can be

written as
A, = M(&j _(&j LA (1)
it Q L) B

where B=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=0.5,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-
mu 9actoTel He—Ne-naszepa Ha 4 = 0,63 MkM. B 0CHOBE MeTO/a JIGKUT MCIOIB30-
BaHUe JyId Tiesiel crabmmu3anuu 3 ()EeKTOB HACBIIICHUS MOTJIONICHUS B MOJIE CTOS-
Yeil BOJIHBI, JIETAIbHO PAaCCMOTPEHHBIX B [7], TMIe MBI COOOIIMIA O ITOCTHKCHHUU
BOCIIPOM3BOJAUMOCTH YaCTOTHI 107, 31ech MBI MOAPOOHO OMMCHIBAEM MTPOBEICHHEIC
sKcniepuMeHThl. OTMETUM, YTO HOBBIH METOJ CTAOMIM3AIMK OBbLI MPEIIOKEH TaK-
xe B [8, 9]. OnHako B [9] paccMOTpeH YaCcTHBIN Cydai CTaOMIM3aIlid — aBTOCTa-
Owmnm3anusi, KOrja MCIOJIb3YSTCS HACHIIICHUE B JMHUU IMOTJIONICHUS B IOJIE CTOSI-
Yeil BOJHBI. YCIIOBUS aBTOCTAOMIIM3AllUM, KOTOPBIE IOJYYEHHI B 3TOW paboTe,
3aBEIOMO He MOTYT ObITh peann3oBanbl B He—Ne-naszepe Ha A = 0,63 MKM, 1 METO
HE MPUMEHHM JUTs CTAOMIM3aIMK 3TOTO Jia3epa.

W3-3a mepexprITHs IpoBaIOB, TPOXKUTAEMBIX CHIBHBIM IIOJIEM B JIOTUIEPOB-
CKU YIIMPCHHOM JMHUM Ne, MOTJIONICHUE B LICHTPE JHUHUUA YMEHBIIACTCS, a 3TO
MPUBOJUT K 00Pa30BaHMIO B LIEHTPE JIMHUW TOTJIOIIEHUS Y3KOTO MHUKa MOITHOCTH.
s HaOmroneHnsT YKa3aHHOTO SIBJICHHS OOpa30BaHUS IMHKA MOITHOCTH HCIIOJIB30-
BaJICsI Jia3ep C SYCUKOHN MOTJIONICHUs BHYTpU pe3oHaTopa. [llupuHa nuka cocrasis-
Jla BETUYHMHY Mopsiaka 25 MI', 94To 3HAYUTEIFHO MEHBIIE IMHPUHEI JIIMOOBCKOTO
nposasia. HacTpanBasi 9acToTy ja3epa Ha MaKCUMYM IIHKa T€HEpaIluu, MOXKHO T10-
JMYYUTHh OYCHb BBHICOKHE 3HAUEHHUS CTAOWIBHOCTH M BOCHPOHM3BOJUMOCTH YacCTOTHI.
BaxHO OTMETHTH, UTO BBEJEHHE SIUEHKH MOTIIONICHNS BOBHYTPh PE30HATOpPA UMEET
3HAYUTEIbHBIE MPEUMYIIECTBA IMPH JOCTHIKEHUU BBICOKOH BOCHPOU3BOJAUMOCTHU
YaCTOTHI.

Hcnonb3oBaHue 04YeHb MAJIbIX MOIJIOIIEHN, a cJIeJ0BATE/ILHO, H 0YeHb
MaJIbIX JaBJeHUi moriomarmero raza. CormacHo [7], ycinoBue oOpa3oBaHUs

IMMKa MOIMHOCTH
3
To Ty )y
GO FZ

b

rae To u Gy — HEHACBIILIEHHbIE MOIJIOIIEHUE U YCUICHHE JIa3epHOU cpelsl, I} u
', — JOpeHIIOBBI MOMYIIUPUHBI TUHUH B YCHIINTENBHOMN U MOTJIOMIAOIIEH cpenax.
Kak moka3zanm pacdeTsl W SKCIIEPUMEHTHI, JOCTATOYHO PE3KUH MUK HAOIIOIaeTCs
npu otHoteHun To/Gy = 0,1. DTO maeT BO3MOKHOCTh HCITOJIb30BaTh OYCHb Mallbie
TIOTJIONICHUS, TOPSAIKA COTBIX JOJIEH MPOIEHTa, YTO TMO3BOJSET OCYIIECTBUTH pe-
KM HU3KUX naBieHuid mopsnaka 1,33-13,3 H/v>. IIpu Takux AaBIEHUAX CTOJIKHO-
BEHUS MEX]Iy aTOMaMH OYJyT MPaKTHYECKH OTCYTCTBOBATh, U IIMPUHA MHKa OyJeT
ONpEAEIATHCA €CTECTBEHHON HTUPUHOM.

Manas BeJMYHMHA CABUTa JUHUM MOTJIOLIEHHS] TPH U3MEHEHUM JaBJie-
Husa Ne B sueiike. J[eliCTBUTENFHO, KaK CIIEAyeT U3 BhIMIECKA3aHHOTO, U3MCHEHHE
JaBjieHHs HeoHa Ha 1,33 H/m? CMeIIaeT JIMHUIO Ha BenuduHy nopsiaka 60 kI'm. DTo
3HAUUT, YTO ISl MOJYUYCHHUS BOCIPOU3BOIUMOCTHU YAaCTOTHI, MPEBBIILIAIONICH 107,
HEOOXOMMO TIOCPKUBATH JaBIICHHE HEOHA B TOTJIOMIAIONICH SYCHKE C TOTper-
HOCThIO, coctaBistomierr 100200 % npu pabodem naenenuu 13,3—6,7 H/Mz, 4To
SIBJIIETCS BIIOJIHE JTOCTHKHMBIM.

Kak Obut0 mOKa3aHO B [7], MHK MOITHOCTH T€HEpAIMU HM3-32 CIIBUTA JIMHUU
YCHUIICHUS TIPH U3MEHEHUH JIABJICHUS TEeNUs B YCUINTEIHHON TPyOKe CMelaeTcs Ha
BENUYHUHY A3, KOTOpPAs OMPENCSICTCS CIEeTYIONINM BhIPAXKECHUEM:
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Thus, one can see that a change in the He pressure in the gain tube in the
above-mentioned limits leads to a small shift of the lasing power peak, and the fre-
quency can easily be reproduced at a level of 10~

The above considerations show that the new stabilization method has great
advantages over the known ones and allows one to obtain high long-term stability
and reproducibility of lasing frequency. The purpose of our experiment was to study
the conditions for obtaining a reproducibility of 10~ (rather than stability) for the
He—Ne laser frequency, because the new stabilization method allows one to reach a
frequency stability as high as 10 "% to 10",

A schematic of the experimental setup is shown in the figure. Three rigid la-
sers were used. The laser cavities were semiconfocal systems formed by spherical
and plane mirrors. The plane mirrors of lasers /, 2, and 3 were mounted on piezo-
electric ceramics P, P,, and Ps, due to which the cavity length could be changed.
The distance between the mirrors for the absorption-cell laser (/) was 64 cm (the
lengths of the gain-tube discharge gap and the absorption cell were ~24 and =26 cm,
respectively); for lasers 2 and 3, this distance was 36 cm. The absorption cell was
filled with **Ne isotope (percentage 99.9 %) at a pressure of 13.3 Pa, and all gain
(laser) tubes were filled with a mixture of *He and *’Ne isotopes. A discharge was
ignited in the absorption cell, and a dc discharge was ignited in the gain tube.

The entire experimental setup was fixed on a massive metal plate, suspended
in air. The ambient temperature was maintained constant with an error of 0.1 K.
Under these conditions, the mechanical and thermal effects were reduced to mini-
mum, and the frequency drift was 2 kHz/sec. The frequency reproducibility for the
absorption-cell He—Ne laser was investigated by measuring the shift of the lasing
peak with respect to the other laser frequency with a change in the Ne pressure in

Laser /
Gain tube Ne cell

A B o,

[ 5]
é%M@PEMI—ﬂ am {PD |
| 5G | r=500 Hz

(5 |

éT«u—ﬂ%M&m&le i [0 |
SG | f=500 Hz

PEM|

20 Hz

Oscillogram of the output power of an absorption-cell laser as a function of the laser fre-
quency. The Ne pressure in the cell is 267 Pa and the pressure of the He—Ne mixture in the
gain tube is 200 Pa. The scale is 1 L.s. = 34.8 MHz. The peaks are spaced by 230 MHz
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A:M(QJZ_QZLA 0
o \la) \n)p

e f = To/Go; T1/Ty; Q — paccrpoiika, HEO6X0MMMAs JUIS CPhIBA TeHEPALMK TIPH
3aJJaHHOM YpOBHE BO30Y>KAEHUS; A — CIBUT JINHUH YCUJICHHS M3-3a JaBJICHUS Te-
nust, () — 4acToTa, COOTBETCTBYIOLIAS MOJOKEHUIO MAaKCUMyMa MMKa MOIIHOCTH, a
OCTaJIbHBIC BETUUHHBI ONPEICIICHBI BBIIIIE.

B ycrnoBmsix Hamrero skcmepuMeHTa AaBieHne He B ycmmuTenpbHOU TpyOke
Mensutock ot 133,3 1o 266,6 H/m* (A = 20 MI'n, Q=120 MI'n, T, /T, = 0,1, #=0,5,
I, / Q ~0,1. Toxcrasmss 310 3Hauenue B (1), momydaem, uto A; = 120 kI'm).

TakuM 00pa3oM BHIHO, YTO TPW M3MEHEHWH NaBlieHHWs He B yCHIHMTENHHOM
TpyOKe B YKa3aHHBIX TIpe/Ieax BeJIMUMHA CMEITICHHUS TTMKAa MOIITHOCTH TeHEPAITUH OKa-
3BIBACTCS] MAJIOH, M BOCIIPOU3BOAUMOCTE YaCTOThI 10" sIBIISIeTCS JTeTKO OCTIKUMOIL.

Ha ocHoBaHMH BBIIIIECKA3aHHOTO CJEIYET, YTO HOBBIH METOJ| CTA0MIIN3aIIUU
UMeeT OOJbIINe TMPEUMYIIECTBA Mepell YK€ MU3BECTHBIMU W ITO3BOJISET IOJIYYHUTH
BBICOKOE 3HAUCHHE JOJITOBPEMEHHOHN CTaOMIBHOCTH M BOCTIPOM3BOIUMOCTH YacTO-
THL. llenbl0 HACTOSIIMX SKCHEPUMEHTAIBHBIX HMCCICAOBAHUM SBISUIOCH M3yUCHHUE
YCIIOBUH, MIPU KOTOPHIX AOCTUTAETCS BOCIPOM3BOAMMOCTh 4acToThl He—Ne-mazepa
10’9, a He CTaOWIBLHOCTHh YAaCTOTHI, TAK KaK, MCIIOJIB3YS HOBBI METOa CTabWMiIn3a-
I[MH, MOYKHO MOJTY4HTh CTaOMIbHOCTD yacToThl 10 '—107"",

Cxema 3KCTIepUMEHTaIbHON YCTaHOBKHU MpHUBe/eHa Ha (urype. Mcmonb3oBa-
JIACH TPH JIa3epa KEeCTKON KOHCTPYKIUU. Pe3oHaTops! 1azepoB ObUIH 0Opa3oBaHbI

Jlazep /
VYcunmnrenpHas

P 2 TpyOka HHCﬁKaI\Ii, i 201
7]
é%mlﬂﬂ@aﬂ—ﬂ v = on]
| 3r | r=500Tu
]
Masep 3
et 2 Mo [y |1 |
| 31 | £=500 I

20T

OcruuiorpaMMa BBIXOJHOW MOIIHOCTH T€HEpAIMHK Jia3epa ¢ SYCHKOMN MOTJIOMICHUS BHYTPH
pe3oHaTopa B 3aBUCMMOCTH OT YacTOTHI Jlazepa. JlaBnenue Ne B suerike 267 H/M?, naBnenne
cmecn He—Ne B yeunurensHoii TpyGke 200 H/m?. Macmita6: 1 6.k = 34,8 M. Paccros-
Hue Mexy nukamu 230 MI'n
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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 P5;, 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 4m; and corrected to zero amplitude and
phase, using a phase detector PD and a dc supply (batteries B, and B;). The latter
procedure corresponded to the lasing frequency tuning to the maximum of the emis-
sion line at the lasing threshold. The error of setting the laser frequency at the
threshold maximum was 0.5 MHz. To check the frequency stability and reproduci-
bility for lasers 2 and 3, their output signals were mixed by auxiliary mirrors at the
PEM photocathode. The beat frequency for these signals was monitored using a
spectrum analyzer 4 or an oscilloscope. As the measurements showed, the error in
maintaining frequency at the threshold peak and reproducibility during the experi-
ment (=5 h) were on the order of 10°°.

Such a high reproducibility was attained because the pressure of the He—Ne
mixture in lasers 2 and 3 was maintained identical (187 Pa) and constant (with an
error of about 3 %) during the experiment. The pressure in the gas-discharge tube
was maintained constant using large volumes of ballast gas. In addition, all lasers
were connected with a vacuum system, due to which the working mixture could be
changed periodically.

The shift of the lasing peak for laser / with respect to the reference laser fre-
quency, depending on the gas pressure in the gain and absorption tubes, was meas-
ured on an oscilloscope screen as follows. A 20-Hz SG signal was applied at the
piezoelectric ceramic P;, which was used to scan the frequency of laser 2 over the
gain line, and the output power peak was observed on the oscilloscope screen. The
peak position was determined from the oscillograms with an error of no larger than
0.5 MHz. Then the output signal from laser / was mixed by the mirrors with the
output signal from laser 3, which was frequency-stabilized with an error of 107,
and their beat signal was also observed on the oscilloscope. This beat frequency
was used as a reference.

With a change in the helium pressure in the gain tube from 133.3 to 266.6 Pa
and neon pressure in the absorption cell from 6.7 to 13.3 Pa, the power peak of
laser / shifted from the reference value by about 500 kHz, i.e., by 10~ of the
frequency.

A similar result was obtained when the frequency of laser 2 (or 3) was tuned
to the power peak of laser / and mixed with the frequency of another laser (3 or 2),
stabilized with respect to the power maximum at the lasing threshold, and their beat
frequency was observed on the spectrum analyzer screen. With a change in the
pressure in laser / in the above-mentioned range the beat frequency changed within
a 500-kHz range.

Currently, based on some improvements, a study aimed at reaching a fre-
quency reproducibility on the order of 10" for a He—Ne laser at A=0.63 pum is in
progress.
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chepryecKUM H TUIOCKUM 3epKajlaMH W TPEACTABIIUIIN MOITYKOH(POKAIBEHYIO CHUCTe-
My. Ilnockue 3epkana mazepoB /, 2, U 3 YKpPEIUBUIUCh HA Mbe3okepamukax 11y, I1,
U [1;, 94TO TMO3BOJISLIO MEHATH JJIMHY pe3oHaTopa. PaccTosHue MexIy 3epKaiaMu
JUTS JTazepa C TOTJIOMIAIONIeH stueiikoit (J1azep /) ObuTo paBHO 64 cM (UIMHA pa3ps-
HOT'0 yYacTKa YCHIUTEILHOW TPYOKH U SYCHKU MOTJIOUICHHUS COCTABISLTU ~24 CM H
~26 cM COOTBETCTBEHHO), a JJIs Ja3epoB 2 U 3 — 36 cM. Sldelika MOTNIOMICHHs Ha-
MOJHsIIach u30TormoM ~'Ne ¢ MPOLIEHTHBIM cofepkanueM 99,9 % npu naBieHuu
13,3 H/M?, a Bce ycmnmrenbHbe (JTasepHbie) TPYOKH cMechio m3otonos “He u *Ne.
B saeiike mornomeHus: BO30yKaaicCs pa3psll, a B YCHINTEIBHBIX TPyOKax — pas-
PS IOCTOSTHHOT'O TOKA.

Bes skcnepuMeHTanbHas YCTaHOBKA YKpEIUIJIach HA MAacCUBHOW METaJUIH-
YECKOH TUIMTEe, KOTOpas MOJBEIIMBaIach. TeMiepaTypa OKpy Karomei cpeabl mo-
JISPKUBAIACH MTOCTOSHHOM ¢ morperHocThio 0,1 rpaj. B 3Tux ycnoBusx mexaHuue-
CKre " TeMreparypHbie 3(Q(eKTsl ObLIN CBEICHBI 10 MUHUMYMa U YXOJ YaCTOTHI
cocrasisin 2 k['m/cex. BocnpounsBoaumocts yactotel He—Ne-mazepa ¢ siaeiikoii mo-
TJIONICHUS HCCIIEI0BANIACH ITyTEM HU3MEPEHUS CMEIICHUS MaKCHUMyMa MUKa MOIIIHO-
CTH TeHepalfii OTHOCHTEIBHO YaCTOTHI APYTOTO Ja3epa MpH U3MEHEHUU JIaBJICHUS
Ne B suetike moriomieHns u qapieHus He B ycunurenbHON TpyOKe J1azepa. B kage-
CTBE perepa UCIOIb30BaNICA OAWH U3 JIa3epoB 2 WU 3, KAKABIN U3 KOTOPBIX CTa0u-
JIU3UPOBANICS [0 MAKCUMYMY YCHUJICHHS HA TIOPOTe TCHEPAIIHH.

OT reneparopa 3ByKOBOM 4acTOTHI 3/ momaBaics cUTHaN ¢ gactoToir 500 I'mp
n ammmutyaoi 0,5 B Ha nbe3okepamukul /1, u 115, Ipy OMOIIM KOTOPBIX YaCTOTHI
na3epoB 2 U 3 CKaHUPOBAIUCH IO JIMHUY YCHICHUS B MPEJeiaX MOJIOCH IUPHHOMN
1 MI'u. C Beixoaa na3epoB 2 ¥ 3 cUTHAJ MOIYJISIIUY ITOTa1an Ha (J)OTOYMHOKHUTENb
@DV, n30uparenbHO yCWINBAIICA B ycwiuTene YV u mo ¢azoBoMy netekropy D/
P TIOMOIIM UCTOYHHUKA TIOCTOSIHHOTO ToKa (Oatapeu b,, b3) KOPPEKTUPOBAJICS HA
HYyJIb aMIUTATYAbI ¥ (a3bl, YTO COOTBETCTBOBAIO HACTPOWMKE YaCTOTHI Jiazepa Ha
BEPINIVMHY JTUHUH H3ITy49eHHUS Ha Tmopore reHeparuu. llorpemHocTs, ¢ KOTOPOH MBI
BBICTABIISUIM YacTOTY Jla3epa Ha MOPOTOBBIA MakcUMyM, cocTaBisia 0,5 MI'n. s
MPOBEPKU CTAOMIILHOCTU U BOCIPOM3BOJUMOCTH YaCTOTHI JIa3epOB 2 U 3, BBIXO/IBI
WX CMEIIMBAIUCH TOCPEICTBOM BCIIOMOTAaTENbHBIX 3epkanl Ha Qorokaroge DIYV.
Yacrora OMeHUIM MEXIy HMMU HaOJIIOANach Ha aHaIM3aTOpE CIEeKTpa A WM OC-
mwuiorpade. Kak mokasanu u3MepeHHs, TOTPEHIHOCTh TMOAJCPKAHUS YaCTOTHI
Ha TOPOTOBOM MaKCHMyM€ W BOCIIPOM3BOIMMOCTh B TEUYEHHE OJKCIIEPUMEHTa
(%5 4aCOB) COCTABIISUTH BEIHUMHY mopska 107,

Takast OobIIIast BOCIIPOM3BOANMOCTS ObIIa JOCTUTHYTA OJIaroaapst TOMy, 9TO
B nasepax 2 u 3 maenenue cmecu He—Ne mojiep:xuBanock oauHakoBbiM 187 H/m?
U TIOCTOSIHHBIM C MOTPEIIHOCTRIO Topsanka 3 % 3a Bpems skcnepumMenta. IlocTosH-
CTBO JIABJICHUS B Pa3psIHBIX TPyOKax JOCTHTANOCH 32 CUET MCIIOJNB30BaHUS 0OIb-
mux 6ayuracTHEIX 00beMOoB Taza. KpoMe Toro, Bece a3epbl MOACOSNHSIINCH K BaKy-
YMHOMY IIOCTY, YTO MO3BOJISUIO TIEPUOTUICCKH MEHATh pA00UYIO0 CMECH.

CMmerieHre MakcuMyMa ITMKa MOITHOCTH T€HEpalyy Jlazepa /| OTHOCHTEIHHO
YaCcTOTHI PETEPHOTO J1a3epa, B 3aBUCHMOCTH OT JABIIEHUS raza B YCHIUTEIBHBIX U
MOTJIOMIAIIUX TPyOKax, U3MEPsIIOCh Ha dKpaHe ocluiuiorpada clieayomum oopa-
3oM. Curnain ¢ yactotoii 20 I't1 o 3/ ojaBancst Ha MbE30KePaMUKYy /7, TPy MOMOIIU
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KOTOpOW 4acToTa Jiazepa 2 CKaHMPOBaJach MO JIMHUH YCWICHHUS, U Ha 3KpaHEe OC-
muiorpada HaOMIOAANCS KOHTYP MWKa BBIXOJHOW MoOIIHOCTH. [lonokeHne mak-
CUMYyMa IHKa OIPEENSIIOCh 10 OCIMIUIOrpaMMaM ¢ TOYHOCThIO He xyxke 0,5 MI'.
Janee Bpixon nmazepa / cMemmBalCs TPU TOMOIIU 3€pKall C BBIXOJOM Iaszepa 3,
CTaGHIM3HPOBAHHOTO IO YaCTOTE C MOTPEITHOCTHIO 10, H CUrHAN GHEHHH MEKIY
HUMH TaKKe HaOMoJalcs Ha ocuuwuiorpade. DTOT CHTHaN OMEHUN W SBISIICS pe-
MEPHOM YaCTOTOM OTCYETA.

[Ipr u3MeHeHWW AaBICHUS TelWs B YCHIMTENbHOH TpyOke ot 133,3 mo
266,6 H/M* 1 Heona B stueiike morioutenns ot 6,7 mo 13,3 H/M® mMakcumym muka
MOIIIHOCTH Jlazepa [/ CABUTAJICS OT PENepHOM YacTOThl Ha BEIMYUHY IOpSIKa
500 kI'1, a0 cocraBmsier 10~ yacTOTHI ITasepa.

AHaANOTUYHBIN pe3yIbTaT OBLI MOJTYUYEH, KOT/Ia YacTOTa OJHOTO U3 JIa3epoB 2
wim 3 HAaCTpaWBalach Ha MaKCHMyM IIHKa MOIHOCTH J1a3epa / M CMEIIMBanach ¢
4acTOTOH Japyroro yazepa (3 win 2), cTaOMIM3UPOBAHHOTO 110 MAKCUMYMY MOIITHO-
CTH Ha IOpOTe TeHepalrH, U Ha SKpaHe aHaJn3aTopa CIIeKTPOB HabIromamach gac-
ToTa OWeHnd Mexay Humu. [lpu u3MeHeHWH AaBieHUs B naszepe / B yKa3aHHBIX
BBIIIIC MpeeiaXx yacToTa OneHnid MeHsIachk B ooacta 500 k.

B Hactosmiee BpemMst Onarogaps psay yiaydileHHH BeJeTcst paboTa Mo moyde-
HUIO BOCIIPOH3BOIMMOCTH yacToThl He—Ne-nasepa a A = 0,63 mxm nopsiaka 107,
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The lowest threshold currents at 300 K have been achieved in AlAs—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)><103 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/cm” [3-5].

The present paper reports the results of an investigation of and further im-
provements in AlIAs—GaAs heterojunction lasers. This investigation resulted in the
lowering of the threshold current density at 300 K to 900-1000 A/cm® and in the re-
alization of continuous laser emission at room temperature.

The heterojunction lasers were prepared by liquid epitaxy. Wide gap n- and
p-type emitters (Al,Ga;  As solid solutions) were doped with tellurium (5x10'°<n <
< 10" em ) and germanium (p = 10" cm ), respectively. These emitters were sepa-
rated by a central narrow-gap active region which consisted of gallium arsenide (or
Al,Ga;_,As solid solutions of compositions close to gallium arsenide), which was
doped with Ge, Si, Zn, or left undoped.

We investigated the role of the wide-gap emitters, the influence of the thick-
ness of the central narrow-gap region on the threshold current density, and the pos-
sibility of laser emission from gallium arsenide doped with Ge or Si amphoteric im-
purities or from undoped n-type GaAs.

The role of the wide-gap emitters was determined by comparing the threshold
current densities of lasers with two heterojunctions with the corresponding current
densities for structures with one heterojunction, all structures being prepared under
identical conditions. The active region in the structures being compared was doped
with germanium (p ~ 10" M) and its thickness was 2 pm.

Typical threshold current densities for three-layer n—p—p Al,Ga, ,As—GaAs—
Al,Ga, As heterostructures were (4-5)x10°> A/cm’ at 300 K (the central active re-
gion in these structures was 2 um thick).

The threshold current densities in the corresponding n—p—p~ Al,Ga,_,As—
GaAs—GaAs heterostructures with a single n—p heterojunction exceeded 100 kA/cm?

#Sov. Phys.-Semicond. 1971. Vol. 4, No. 9. PP. 1573-1575.
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B Hacrosimee Bpemsi HanOojee HH3KHE 3HAYEHHUS! MOPOTOBBIX TOKOB IPH
300 K umeroT HHKEKIMOHHBIE Jla3ephl ¢ TeTeponepexoaaMu B cucteme AlAs—GaAs
[1-5].

B snmTakcranbHBIX J1azepax ¢ AByMs rereporepexonamu [1,2] HanMeHbIme
3HAYEHHS IUIOTHOCTH MOPOrOBOTO TOKa cocTaBmsumn (4-5)-10° A/em® mpu 300 K.
B nazepax ¢ oIHUM reTeponepexoioM, IOIyUYeHHbIX COUETAaHUEM IUTAKCUATBHOTO
n 1uhPy3MOHHOTO METOAO0B, MUHHUMAJIbHBIE 3HAYCHUS TIOPOTOBBIX TOKOB (6—8)X
x10° Alem® [3-5].

B nanHOM cOO0IIEHUYN PUBOAATCS PE3YIBTATHl PA0OTHI 110 UCCIIEAOBAHUIO U
JaTbHEHIIIeMy COBEpIIICHCTBOBAHHUIO TeTepoiiazepoB B cucreMe AlAs—GaAs, mpu-
BEIIIKE K CHIDKCHHIO OPOroBbIX TOKoB 1pu 300 K 10 3Hauenuii 900—1000 A/em” u
MOJTyYEHUIO HETIPEPHIBHOTO PeKuMa paboThl P KOMHATHOW TeMIepaType.

I'eTeposnasepbl M3roTaBIMBANINCh METOIOM KUIKOCTHOW snurakcuu. Iupo-
KO30HHBIE AMUTTEPHI (TBepabie pacTBopbl Al,Ga, ,As) n- U p-THIa JETUPOBAIHCH
cooTBeTcTBeHHO TemtypoM (5-10'°<n<10" cm”) n repmanmem (p=10" cm™).
3akioueHHast MEKAYy HUMH Y3KO30HHAsI CPEIHsIsI akTHBHAs 00JacTh (apceHu raj-
mus wiy TBepbie pactBopbl Al,Ga, ,As cocTaBa, OIIM3KOTO K apCeHUTY TaJuTus) Jie-
rupoBasiack Ge, Si, Zn wiu BoOOIIE HE JETUPOBAIACh.

B pabote uccnemnoBanuch posb MIMPOKO3OHHBIX AMUTTEPOB, BIHUSIHUE HA TIO-
pPOTOBBIE TOKH TETEPOJIa3epOB IIMPHHBI CPEeaHEeH Y3KO30HHOW 00JacTH, BO3MOXK-
HOCTb BO30Y>KACHUS TeHEepaluy B apCeHUIE Tajulus, JISTHPOBAaHHOM aM(OTepHBIMU
npumecsamu Ge, Si, ¥ B HeIIeTHpOBaHHOM n-GaAs.

Jlnst BBISICHEHHS POJM MIMPOKO30HHBIX 3MHUTTEPOB MPOU3BOIUIIOCH COIOC-
TaBJICHHE 3HAYEHUI MOPOTOBBIX TOKOB B Ja3epax C ABYMsl TeTeponepexoiaMu H
MOPOTOBBIX TOKOB B CTPYKTypax C OJHHM TeTepPOINEepEeXOJIOM, MPHIOTOBICHHBIX B
WICHTHYHBIX YCIIOBUSX. AKTUBHas 00JIACTh B COMOCTABIIEMBIX CTPYKTypax Obuia
nerupoBaHa repManuem (p = 10" cMm™), ee mmpuHa cocTaBmsa 2 MKM.

Jnst TpexcinoiHbIX rerepoctpykTyp n-Al,Ga; As—p-GaAs—p-Al,Ga, ,As npu
TaKOW IIMpPUHE CpenHell 00JacTh THUIHYHBIC 3HAYCHHS IMOPOTOBBIX TOKOB IIPH
300 K cocrapmsior 4—5 kA/cm’.

# Du3nka 1 TexHUKa nNonynposoaHMKos. 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"7 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;_,As) [3] had a maximum at d =2 um. When the thickness of
the active region in these structures was reduced below 2 um, the threshold current
density increased rapidly because of increasing losses and hole injection.

']lha A/CHIZ ']tha A/C'm2
5.10°F 45-10°
4-10*+ 44-10°
3-10*k 413-10°
2-10*F 42-10°
1-10*F 41-10°
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Fig. 1. Dependence of the threshold current density on the thickness of the central region in
three-layer heterojunction lasers. 7 (K): 77 (1), 300 (2)
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B cooTBeTCTByIOIIUX TeTEPOCTPYKTYypax € OJHUM H—p-TE€TEPONEePexoaoM
n-Al,Ga, [ As—p-GaAs—p 'GaAs moporossie Toku 1npu 300K mpeBbimaroT
100 kA/cm>. B reTepocTpyKTYpax € OIZHHM p—p-rereporepexomoMm n-GaAs—p-
GaAs—p-Al,Ga, ,As TIpH CHJIBHO JerHpoBaHHOH n-oGmactu (n=(3-5)10" cm™
noporossie Toku 1pu 300 K cocrapnsror 10-14 kA/cm’. TIpi YMEHBIICHHH YPOBHSI
JIETUPOBAHUS 1-00JIaCTH MOPOTOBBIE TOKU B TAaKMX CTPYKTypax BO3pacTaroT, a MpH
n =10" M renepammst Boobme He HabmOgaeTCs. B CHEKTpax M3ITyHeHHS TaKHX
ctpykTyp (300 K) mpoucxoauT cABUI MakCHMyMa ITOJIOCHI U3IyYEHHUS B KOPOTKO-
BOJIHOBYIO 00JIaCTh HPU BBICOKHX IUIOTHOCTSIX TOKa, OOYCIIOBJICHHBIM IBIPOYHON
HH)KEKIIMEH.

OTmeTnM, YTO B CTPYKTYpax C JIBYMsI IeTepoIepexoJaMi U IHUPOKO30HHBIM
cnabo JIETUPOBAHHBIM N-3MHUTTEPOM MOA00HBIE BICHUS He HabmronaroTes. Hampo-
TUB, YMEHBIICHHE YPOBHA JICTUPOBAHUS 71-00JaCTH NPUBOJUT K HEKOTOPOMY
YMEHBIIECHUIO IOPOTOBBIX TOKOB. MUHHMMAaJbHbIE 3HAUYEHUsI IOPOTOBBIX TOKOB I10-
Jy4eHbl B TETEPOCTPYKTypax C KOHLEHTpalueil AOHOpPOB B n-aMuTTEpE Ny =
=5-10'-5-10" cm .

HccnenoBanue 3aBUCHMOCTH IOPOTOBOTO TOKA OT LIMPHUHBI CpeHEN o0nacTu
MIPOBOAMJIOCH Ha TPEXCIOMHBIX FE€TEPOCTPYKTYpax co CpeaHel 00nacThIo, JIETHPO-
BaHHON repMaHueM (p = 10" eM™). (JInuna pesonatopo ®abpu—Ilepo B umccie-
IIyeMBIX TIpuOopax coctaBisiia okojio 400 MkM). 3HaUEHUS TOPOTOBBIX TOKOB OTI-
penessuUINCh TI0 3aBUCHMOCTH MHTEHCUBHOCTD M3ITyYEHHUS—TOK ¥ KOHTPOJIUPOBAIHICH
0 CTIEKTPaJIbHBIM XapaKTePHUCTUKAM HU3TyUYCHHSI.

Kak BunHO U3 puUCyHKa, NOPOrOBBIE TOKM MOHOTOHHO yOBIBAIOT NMPH yMEHb-
MICHUH IUPUHBI cpefHeit oonactu 10 d=0.5 MKM ¥ COCTaBIISTIOT TIPH STOW TOJIIIIHHE
1000 A/em® (300 K) 1 300 A/em? (77 K). OTMETHM, 9TO COOTBETCTBYIOIIHE 3aBHCH-
MOCTH IJIsl CTPYKTYp C OAHUM TereporepexonoM (n-GaAs—p-GaAs—p-Al,Ga; ,As) [3]

Jrops Alem® Jrops Alem®
510*F 45-10°
4-10°F —44-10°
3-10* 43-10°
2:10%F 42-10°
1-10*F 4110
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Puc. 1. 3aBHCHMOCTbD IUIOTHOCTH ITOPOTOBOTO TOKAa OT IIMPHUHBI CpPeIHEH 00JacTH B TpeX-
cioiiHbIX Tereponaszepax: 7 =77 K (1), T=300 K (2)
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Table 1. Principal parameters of investigated heterostructures

Batch d, Dopant |Carrier density| Avpax NVmax Jn Jin Taite

No. pm in central layer| at at at at at
n(p),em> |300K,| 77K, |300K,| 77K, [300K,

eV eV Alem? | Alem? %
1083* 0.8 ND n=10" 1.42 1.505 1500 800 30
1076* 0.7 ND n=10" 1.42 1.505 940 400 20
1075%* 0.5 Ge p=10" 1407 1483 1100 295 25
1075" 2 Ge p=10" 1382 1465 4000 1700 25
1021 2.5 Zn p=10" 1.37 1.47 4200 1000 35
1014 2 Si p~2-10" 1344 1424 10000 5000 10
1028 2 Si p=610" 1355  1.43 4000 1500 15

* The active region was not specially doped.

** A small increase in Ay, 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—# junction devices, laser
emission is either impossible (Si-doped gallium arsenide)' or it is difficalt even at
low temperatures (undoped n-type GaAs [8] and Ge-doped GaAs [9].

The higher injection efficiency and deliberate restriction of the recombination
region in three-layer heterojunction lasers enable these materials to compete suc-
cessfully with the traditional zinc-doped gallium arsenide (Table 1).

We achieved continuous room-temperature laser emission in small-area
(30%250 um active region) samples prepared by the photolithographic technique.
Silvered copper plates were used as the heat conductors. No other measures were
taken to cool these samples or to improve the removal of heat. The minimum cur-
rent at which laser emission was observed was 200 mA.

The authors are deeply grateful to V.M. Tuchkevich for his constant interest
in this investigation, and to E.A. Gamilko, V.P. Antipov, M.K. Trukan, A.N. Er-
makova, and E.A. Abramova for their help in the preparation of the samples and in
the measurements.

! Emission of coherent radiation from optically excited Ge- and Si-doped GaAs films was in-
vestigated recently at 77 K [6, 7].
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Tab6ymua 1. OcHOBHBIE TapaMeTpPbl UCCIIEA0BAHHBIX T€TEPOCTPYKTYP

Ne d, Tun Konmenrpamust| /vpax MVmax Jhop Jhop Moy
NapTUM | MKM |JIETUpYyIOUIel| HocuTenei npu npu npu npu npu
00pasmoB TIPUMECH Bcepeqnem | 300K, | 77K, |300K, | 77K, |300K,

cnoe n (p),cM°| oB °B Alem® | Alem® | %
1083* 0.8 HJI n=10" 1.42 1.505 1500 800 30
1076* 0.7 HIT n=10" 1.42 1.505 940 400 20
1075%* 0.5 Ge p=10" 1407 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~2:10" 1.344 1424 10000 5000 10
1028 2 Si p=610"7 1355 143 4000 1500 15

*  AxTHBHas 007acTh NPEJHAMEPEHHO HE JITUPOBAJIACh.

** HeOoJbloe yBEIUYCHHUE A Vi, IPH YMEHBLUICHHH IIMPHHBI cpepHel obmacti (obpasusl 1075 u
1075), oueBumHO, cBs3aHO ¢ oOpasoBaHueM Al,Ga; ,As B akTHBHOW 001acTH BONH3U TPAHHUIIBI C
IIUPOKO30HHBIM /-OMHUTTEPOM.

MMEIOT BUJ KPUBBIX ¢ MUHUMYMOM TIpHu d = 2 MKM. [Ipu mmpruHe akTUBHON obiac-
TH, MEHBIICH 2 MKM, B TaKUX CTPYKTypax HaOJIofaeTcs pe3Koe BO3pacTaHHe I0-
POTOBBIX TOKOB, OOYCJIOBJICHHOE YBEIHYSHHEM MOTEPh W TOSBICHHEM JBIPOYHOM
WH)KEKITHH.

OOBIYHO B apCeHUI-TAJUIMEBBIX Jla3epax OCHOBHBIM U €IWHCTBEHHBIM MaTe-
pHUaloM aKTUBHOI o0nacTu sBisieTcs p-GaAs, JernpoOBaHHBIN ITHHKOM.

Brime  yxe roBOpPHIIOCH O TOJy9€HHH HH3KOIIOPOTOBOW TEHEpaludd Mpu
300 K B rereposasepax ¢ akTUBHOM 00J1aCTbIO, JETUPOBAHHON T€PMaHHUEM.

Kak BUOHO M3 JaHHBIX, IPUBEACHHBIX B TaOJHIE, KPOME apceHUAA TajlIus,
JIETUPOBAHHOTO T€PMAaHWEM M ITMHKOM, B KaueCTBE aKTUBHOW OOJACTH TPEXCIIOH-
HBIX TeTepoja3epoB MOTYT OBITh YCIEIIHO HCIIOIb30BAHbI apCEeHU TajuTus, JIeTH-
POBaHHBII KDEMHHUEM, a TAKXKE HEJIETUPOBaHHBIN n-GaAs.

[TomydeHne KOTEPEHTHOTO W3NYYECHHS B TAaKMX MaTepuanax B Jlazepax ¢
OOBIYHBIM p—n-TIEPEXOJOM HIIM BOOOIIE HEBO3MOXKHO (ApPCEHH TaUIHs, JICTHPO-
BaHHBIA Si)', 160 BCTpeyaeT 3HAYMTENbHBIC TPYAHOCTH JAXKe IPH MOHIKECHHBIX
Temnepatypax (HenerupoBaHHbIH n-GaAs [8], GaAs, nerupoBanusii Ge [9]). Ilo-
BEITIICHHE Y(PGEKTUBHOCTH HHKEKIIMH M TpeIHaMEpeHHOE OTpaHWdYeHUE 00JIacTh
PEKOMOMHAIIMM B TPEXCIOWHBIX TeTepoia3epax MO3BOJAIOT STHM MaTephalaM yc-
MEIHO KOHKYPUPOBAThH C TPAAUIMOHHBIM apCEeHUIOM TajlTus, ISTHPOBAHHBIM LIMH-
KOM (CcM. Tabnwmiry).

HermpepbIBHEBIN pekuM TeHEpaluy P KOMHATHOM TeMIiepaType ObLI TOJy-
YeH Ha o0pa3nax MaJlol IUIOINAAX, U3TOTOBJIEHHBIX C MOMOILIBI0 (oTonuTorpadu-
yeckoil TexHukH. (Pa3smeps! aktuBHON obOmactu 30%250 mxm). TermooTBogaMu Ciry-
KT MeTHBIE TTocepeOpeHHbIe MIACTUHBL. HUKakuX qpyrux Mep Ois OXJIaKIeHUs

! KorepeHTHOe n3nydeHune npu 77 K B cnosx GaAs, nervposaHHoro Ge u Si, npu ontuue-
CKOM BO36Yy>XXAEHUM UccnenoBaHo HeaaBHO B paboTax [6, 7].
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U yJIydIlIeHHUs TEIUIO0TBOJAA HE MpeanpUHUMANoch. MUHUMAIbHBINA TOK, PH KOTO-
POM HaOIOAaNCs Mepexo/ K TeHepauu, coctasisia 200 MA.
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Laser operating in the vacuum region of the spectrum
by excitation of liquid xenon with an electron beam?
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The use of condensed noble elements (Xe, Kr, Ar, Ne, He) for lasing in the
region of the vacuum ultraviolet was proposed and discussed in [1, 2]. The devel-
opment of a laser using condensed inert gases is made easier by the feasibility of re-
alizing a four-level scheme [3].

In earlier experiments on the excitation of condensed noble gases (Xe, Kr,
Ar) and their mixtures by means of fast electrons, the results were the luminescence
spectra and estimates of the luminescence efficiency, and indications of weak
stimulated emission of liquid xenon at ~1760 A [3-5]. These experiments were per-
formed without mirrors and at low excitation density (the maximum current density

was 25 A/em?).
Intensity, rel. un. We describe here experiments aimed
at producing lasing in liquid xenon in the
vacuum region of the spectrum by excitation

5 -
with a powerful beam of fast electrons (elec-
tron current density up to 200 A/cm?).
The emission spectrum of liquid xe-
5L 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-
1700 1800 1900 4 ometer resolution (17 A), whereas the half-

Wavelength, A ; . o
aveleng width of the same line at low excitation den-
Fig.1. Emission spectrum of liquid xe- sity is 80 A.
non: [/ — pump current density

5 > . The emission lines against the back-
150 A/ Cmt’ 2 _t7? Alem "t3t'_ edmls_ ground of a broad line with half-width 150 A
ston spectrum at fow excriation den- ¢ wavelengths 1715, 1785, and 1815 A cor-

sity. The resolution of the monochro- . -
mator is shown in the upper right-hand respond possibly to transitions from the ex-

corner cited levels of the molecule Xe, (X}, )to

# JETP Lett. 1970. Vol. 12. PP. 329-331.
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KBaHTOBbIW reHepaTop B BaKyyMHOM 06/1aCcTU cnekTpa
Npy Bo36Y>KAEHNN YKNAKOro KCEHOHA 3/IEKTPOHHbIM Ny4YKoM*

H.r. bacos, B.A. AaHnunneiues, FO.M. lNMonos, A.4. XoaxkeBn4

dusnyecknin MHCTUTYT uM. MN.H. Jlebeaesa Akagemumn Hayk CCCP
Moctynuno B peaakuunto 16 oktabpsa 1970 r.

B paborax [1, 2] Obu10 TIpEANIONKEHO U OOCYKIESHO HCIIOIB30BaHUE IS TeHe-
paiuu B 00JaCTH BaKyyMHOI'O yJIbTpa(uoseTa KOHJICHCUPOBAHHBIX OJIarOpOIHBIX
anemenToB (Xe, Kr, Ar, Ne, He). Coznanue na3epa Ha KOHJCHCHPOBAHHBIX UHEPT-
HBIX Ta3ax 00JIErdeHO BO3MOKHOCTEIO pealln3alliil YeThIPEXyPOBHEBON CXEMHI [3].

B mpoBeneHHBIX paHee SKCIIEpUMEHTaxX MO BO30YKIEHHIO KOHIEHCHPOBAH-
HBIX O1aropoaHbix ra3oB (Xe, Kr, Ar) u ux cMmeceil ObICTPBIMU 2JIEKTPOHAMHU OBLITH
MOJTyYeHBI CIIEKTPHI JIFOMUHECIICHIINH, OlleHeHa () ()eKTUBHOCTD JIFOMHHECIICHIINH
1 ObIIO OOHApYXKEHO cllaboe WHIYITMPOBAHHOE W3ITyYCHHE JKHUIKOTO KCEHOHA Ha
amuHe BonHBI ~1760 A [3—5]. DTH sKCIIepHMEHTHI GBUTM BHITIONHEHBI 6€3 3epKal U
MpH MaJOH IUIOTHOCTA BO30YXJICHUS (MaKCHMalbHas IIOTHOCTh 3JIEKTPOHHOIO
TOKa cocraBmsuia 25 A/em?).

B namieli pabore OmMMCBHIBAIOTCS 3KC-
MEPUMEHTHI 10 MOJYYCHUIO T'eHepaluu Ha
JKUIKOM KCEHOHEe B BaKyyMHOH oOmactu
CIIEKTpa TIPH BO30YKICHHH MOITHBIM (TIJIOT-
HOCTh TOKA JIIeKTPOHOB 710 200 A/cM’) myu-
KOM OBICTPBIX 3JICKTPOHOB.

CriekTp HW3Iy4eHHUs KHUIKOTO KCEHO-
Ha JUTS ABYX 3HAYCHHIT INIOTHOCTH TOKA Ha- 3
KayKu TMOKa3aH Ha puc. | (Uid cpaBHEHHS
MyHKTHPOM TIOKa3aH BUJ CIIEKTpa IIPH Ma-
JIOW TIOTHOCTH BO30OyxkmeHus). [lpu 1uroT-
HOCTSX TOKa 3MEKTpoHOB Gonee 100 A/em® 1
MHTEHCHBHOCTH HUK 1760 A cunbHO BO3-
pacraer, MpU O3TOM TMONYIIMPUHA JIMHUU ke bt
nocturaer 20 A, uro 6mu3ko Kk paspere- 1700 1800 1900
Hmo crnektpomerpa (17 A), Torma kak mo- Juma sombi, A
JlylIMpUHA STOH K€ JMHAM [P MAanoii Puc. 1. CrnekTp H3Iy4YeHUs] XKHUIKOTO
IIOTHOCTH BO30y Xk ieHns cocrannser 80 A. KceHOHa:QI — [VIOTHOCTE TOKH Haka'tku

. 150A/em”, 2 — IUIOTHOCTH TOKa

JInnnn usnydenus Ha GoHe WUPOKOH - o 70 Alew?, 3 — criexTp w3y
MOJIOCHL ¢ moxywupuHou 150 A ma mmmHax YEHMS TIPH MalIoil TUIOTHOCTH BO3OYK-
BOJIH 1715, 1785 un 1815 A BO3MO>XHO CO- JIEHUS. PagpemeHHe MOHOXpOMAaTopa
OTBETCTBYIOT IEpexojaM ¢ BO30YKIEHHBIX  II0Ka3aHO B BEPXHEM IIPABOM YIIIy

I/IHTGHCI/IBHOCTL, OTH. €.

? MucbMa B XXIT®. 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, 3060 A/cm’.

The radiation was registered with a VM-1 monochromator with a 1200 line/mm
grating. Besides recording the spectra, we registered the radiation also with the aid
of a vacuum photodiode with high time resolution. The waveform and duration of
this radiation pulse agreed with the waveform and duration of the electron-current
pulse (A7~ 10 ns).

We used semitransparent aluminum mirrors sputtered on lithium-fluoride
substrates and coated with a protective layer of magnesium fluoride. The mirror
transmission at 1700 A was 1-2 %, and the reflection coefficient was 50—-60 %. The
equivalent absorption coefficient due to the mirrors in the resonator was thus
0.5cm .

The electron source was a pulsed electron gun yielding electron current den-
sities up to 300 A/cm” at energy up to 1 MeV and current-pulse durations 10 ns.

The use of other noble gases [3—5] in the condensed state makes it apparently
possible to obtain stimulated emission in a wide band, up to 600-800 A.

The authors are grateful to A.G. Molchanov for a discussion of the results,
and to L.LE. Kovsh and O.M. Kerimov for help with the experiments.
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ypoBHeit Momekymsl Xe, ('’ X,.) Ha OCHOBHOW. IIpM TIOTHOCTAX TOKA BBIIE

100 A/cM® Ha JIOMHHECLIEHTHOM SKpaHe, Ha KOTODbIA MPOEKTHPOBAIOCH H3ITyde-
HUeE, MOSIBIISUIOCH CBETIIOE TISITHO. PacXoanMOCTh M3ITydeH s, OIICHEHHas 110 pa3Me-
pam 3TOro mATHA Ha dKpaHe, COCTaBHJIa MPUMEpPHO 7°. 3aBHCHMOCTb WHTEHCHBHO-
cTu u3nydeHus aunHuu 1760 A oT nmnoTtHocTH BO3OYKIEHHS MO3BONSET OLEHUTH
TOPOrOBYIO TIIOTHOCTH ToKa 30—60 A/cm’.

Perucrpanus uzinyyeHus npou3BOAMIACH C TTIOMOIIBI0 MOHOXpoMaTopa BM-1
¢ pemerkoit 1200 mrpux/Mm. KpoMe 3amicu crieKTpoB OCYLIECTBISIACH TAKXKE pe-
TUCTpAIl¥sl U3IyYeHHUs] C TIOMOINBI0 BaKyyMHOTO (POTOIUO/A C BHICOKUM BpPEMEH-
HBIM paspemeHrneM. GopMa 1 IUTETHFHOCTh UMITYJIbCA U3ITYISHUS COOTBETCTBOBA-
1 popMe U JITUTENFHOCTH UMITYJIbCa DIIEKTPOHHOTO TOKa (A7~ 10 Heek),

B kauecTBe 3epkan NMpUMEHSUTUCH MTONYIPO3padHbIe ATFOMUHUEBBIE 3epKaa,
HaIllbIJICHHBIC Ha MOIJIOXKKY U3 q)TOpI/ICTOI‘O JIMTHUA W MOKPBITBHIC 3allIUTHBIM CJIOEM
¢ropucroro maruus. Ipomyckanue 3epkai Ha jmuHe Bonubl 1700 A cocrasnsno 1—
2 %, a xoapunment orpaxkenus 50—60 %. Takum 006pa3oM, FKBUBAJEHTHBIH KO-
3¢ UIMEHT OTOMEH s, BHOCHMbIIT 3epKanaMi B pe30HaTOp cocTapmsut 0,5 cM .

HcTOYHMKOM 3JEKTPOHOB CIY)KWJIA 3JICKTPOHHAS HMMITYJIbCHAS MYIIKa, IM0-
3BOJIAIOMIAS MOMYYaTh IIOTHOCTh 3IEKTPOHHOTO ToKa 10 300 A/cM > IpH SHEpruu
1o 1 M»aB ¢ miTeasHOCThIO TOKOBOT'O UMITYJIbca 10 HCek.

[IpumeHneHue Apyrux OJAropoAHBIX Tra3oB [3—5] B KOHACHCUPOBAHHOM CO-
CTOSIHUH, TO-BHIUMOMY, TIO3BOJIUT BHIHYK/IEHHOE HM3IIy4YeHHE B IMMPOKOM JHara-
30HE JUTHH BOJIH, BILTOTH 10 600—800 A.

ABTOpHI BBIpaxkatoT OnarogapHocts A.I'. MonuaHoBy 3a oOcyIeHue pe-
3ynbTaToB, a Takxke M.b. Koy n O.M. KepumoBy 3a moMoIup 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 (|| < 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 w107, 1/°C | p107, 1/°C n a10’,1°C | fim
GLS-1 45.0 -4.0 1.53 92 8.0
KGSS-3 22.0 -33.0 1.54 102 14.0
Silicate 17.2 —42.0 1.55 108 27.0
Silicate 12.5 —48.0 1.55 110 46.0
Borophosphate LGS-41 6.6 -52.0 1.52 112 68.0
Silicate LGS-44 6.4 — 1.53 — 44.0
Silicate 2.4 — 1.56 — >100
Phosphate LGS-40 -16.0 —72.0 1.51 110 -33.0
Phosphate -30.0 — 1.51 — —-11.5

Note: GLS-1 and KGSS-3 are commercial silicate glasses; the others are experimental samples.

#Sov. Phys.-Dokl. 1973. Vol. 17. P. 682.
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MN3MeHeHMe 3HaKa TenJioBou JINH3bI
CTEKJISSHHbIX JIa3epHbIX CTEP)XXHeN
Nnpyu U3MEeHEeHUN TepMOONTMUYECKO NOCTOSIHHOW cTekna’

M.M. bBy6HoB, U.M. By>xnHckwii, E.M. Jnanos, C.K. MamMOHOB,
J1.N. Muxaiinosa, A.M. lNMpoxopos

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

W3BecTHO, UTO HEOAHOPOAHBIHN MO CEYEHHUIO HArpeB JIa3epHOTO CTEPIKHS CBe-
TOM HaKa4KH INPUBOANUT K 0OPa30BaHUIO TEIJIOBOM JIMH3BI, YTO O3Ha4aeT Aedopma-
rmto pezonaropa OKI [1, 2].

Tepmuueckue nedopMaluy OKa3bIBAIOT CHIBHOE BO3JCHCTBUE HAa BBIXOAHBIC
XapaKTepUCTUKH J1a3epa. B ciydae nmasepoB Ha cTekJie UMEETCsl NPUHLUNHATIBHAS
BO3MOKHOCTh TOAOOPOM COCTaBa CTEKJa M30aBUTHCA WM CYIIECTBEHHO YMEHb-
AT TepMuveckne aedopmanuu pezoHaropa [2]. B pabore [3] Obut mpemioxeH
MOJXOJ K PELICHUIO 3TOM 3a7a4dy U ONPENEeNIeH UHTepBAJl 3HAUCHUN TEPMOOIITHYE-
cKoif mocrosHHOH W ctekon ([W] < 101077 1/°C), ans KOTOporo TepMUUECKHE [e-
(dbopManuy JOKHBI OBITh MUHUMAJIbHBIMHA. DKCHEPUMEHTAIBHBIM MTOATBEPKICHH-
€M J9TOro ToAxoja sBWIAach pabora [4], B KOTOpOW NpHBEACHBI H3MEPEHHBIC
aBTOpaMHU TepMHYecKue aedopManuu AJsl psAAa CTEKON C Pa3IMYHBIMH TOJIOKH-
TEJIbHBIMU 3HAYEHUSIMH TEPMOONTUIECKOM TOCTOSHHOM.

B HacTosimei paboTe OMUCHIBAIOTCS Pe3yIbTaThl H3yUEHHS CTEKOJ Kak C I0-
JIOKHUTEJIBHBIMH, TaK M OTPULATEIbHBIMU 3HAUEHUSIMH TEPMOONTHIECKOM MOCTOSH-
HOM, YTO COOTBETCTBYET IIMPOKOMY AMAINA30HY M3MEHEHHUS COCTABOB CTEKOJ (CM.
Tab7. 1). beun u3mMepens! GoKycHbIE pacCTOSHUS TEIUIOBOH JTMH3BI, 00pa3yrouiencs

Tabauna 1

Crexio w107, 1/°C | p107,1/°C n a-107, 1/°C fim
I'JIC-1 45,0 —4,0 1,53 92 8,0
KI'CC-3 22,0 -33,0 1,54 102 14,0
CuimkatHoe 17,2 —42,0 1,55 108 27,0
CunukaTHoe 12,5 —48,0 1,55 110 46,0
Bopdocdaruoe JII'C-41 6,6 -52,0 1,52 112 68,0
Cunukatnoe 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
docpaTtHOE -30,0 — 1,51 — -11,5

Ipumeuanue. Crexna I'JIC-1 u KI'CC-3 cepuiiHble CHITUKATHBIE, OCTaJIbHBIC — OIBITHBIE.

# Noknaabl AH CCCP. 1972. T. 205, N2 3. C. 556-559.
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tinuous-flow water. Under these conditions, a steady-state temperature distribution
in the rods was established after approximately 30 pump pulses.

The focal length of thermal lens was measured by the autocollimation
method [5]. A rod under study (in the illuminating system) was placed between the
plane mirror and the autocollimator objective. We measured the tube defocusing A,
which is caused by the thermal lens formation in the rod under pumping; the A
value changes the sign with a change in the sign of the lens under study. The focal
length of the thermal lens was determined from the formula

f=F/A,

where F) is the focal length of the autocollimator objective.

To prevent the formation of a cavity at the wavelength A =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 ¥ of glasses for the wavelength 4 = 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{¥), we will consider the mechanisms leading to
the thermal lens formation. The key factor is the change in the refractive index
An(r), nonuniformly distributed over the rod cross section, in the presence of tem-
perature gradient 7(r). It was verified experimentally that the rod face bending dur-
ing lens formation can be neglected; this result is in agreement with the data in the
literature (see, for example, [6]). According to [1],

0,157 200 _
) [=<34 2q
=33y la
0,10 100 <3
3
005 4 T
3o =
L 1 }- 1 1 ‘;‘
30 10 20 40 3
g %107, 1/°C
005y 10 20—
£ o0l 300F 36,7
—400L
Fig. 1 Fig. 2
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NPy TIEPUOIUYECKON HaKayke Jla3epHbIX cTepkHeu. Kpyribie cTepkHU pazMepom
20x%260 nakaunBanuch kceHoHoBor mammoit UDII-5000 ¢ gactoroit 0,1 ', cpen-
HS MOIIHOCTh Hakadku 250 BT. B kauecTBe OCBETUTENS MCIONIB30BAJICS LMIUH]I-
pudeckuii 6110k 3 crekna JIK-318 ¢ oTpakaromuM MOKPHITHEM Ha €r0 TOBEPXHO-
cti. OXJaxaeHne CTeP KHS W JIaMIIbl MPOU3BOAMIOCH MPOTOYHON BOJOW. B atmx
YCJIOBUSIX CTAI[MOHAPHOE pacrpeiesicHHe TeMIEpaTyphl B CTEPIKHAX YCTaHABIIUBA-
JI0Ch IpuMepHO Tocie 30 UMITYIbCOB HAKAYKH.

N3mepenne GOKyCHOrO pacCTOSIHUS TEIUIOBOW JIMH3BI IIPOU3BOAUIOCH aBTO-
KOJUTUMAIIMOHHBIM MeTozioM [5]. MccaemyeMblii cTepkeHb (B OCBETHTENE) IOME-
IIaJICsl MEXKITy TUIOCKHUM 3€PKaioM W 0OBEKTHBOM aBTOKOJLTUMaropa. M3mepsiiach
BenmmunHA Me(hOKyCUPOBKH TpPyOBl A, 00ycioBIIeHHas oOpa3oBaHWEM TEILUIOBOM
JIMH3BI MPU HAKAYKe CTEPIKHS, TIPU 3TOM BEJIMYMHA A MEHSCT 3HAK MPU U3MCHEHUH
3HaKa uccieryeMoi InH3bl. DOKyCHOE pacCTOsIHUE TETUIOBOW JTHH3BI OTIPENEIIIOCH
mo opMmyie

f=Fi/A,
rae Fy — QokycHoe paccTosiHie 00BEKTHBA aBTOKOJIMATOPA.

Jlis1 mpeoTBpaleHyst 00pa3oBaHUs pe3oHaTopa Ha BOHY A = 1,06 MKM IIOCKIM
3epPKaJIOM ¥ TOPIIOM CTEPIKHS, YTO MPUBENO OBl K Pa3BUTHIO IeHEPAIUU U YCIIOKHE-
HUIO JKCIEPUMEHTa, B KayecTBE IUIOCKOTO 3epKajia MCIIONIB30BAIIOCH TUAJIEKTPUYe-
CKOE 3epKaJI0 ¢ MaKCHMAaJbHBIM OTpakeHHeM Ha BoiHe A=0,69 Mkm. CrenoBaTeinb-
HO, U3MEPEHHbBIC 3HaUeHHS (POKYCHBIX PACCTOSHHUI OTHOCSTCS K 3TOH JJTUHE BOJIHBIL.

[Tony4yennsle naHHple npuBeAeHsl B Ta0u. 1 u Ha puc. 1. I[To ocu abemuce
(puc. 1) OTIIOXKEHBI 3HAUEHUS] TEPMOOTNITHYECKOM TTOCTOSTHHOW W CTEKOJ ISl ITUHBI
BOJHBI A = 0,63 MKM, a 10 OCH OPJAMHAT — 3HAYCHUS ONTHYCCKOW CHIIBI JIMH3HI (B
muonitpusix D). Y3 rpaduka BUAHO, YTO O MEPE YMEHBIIEHUS TSPMOONTHUECKOM
MOCTOSTHHOM CHJIa TETUIOBOMW JIMH3BI YMEHBIIAETCS U MPH HEKOTOPHIX 3HAYEHUAX W
MeHseT 3Hak. [lomuepkHeM, YTO TMONydeHHasl YeTKas KOPPEJSIHs MEXIy CHION
JIUH3BI U TEPMOOINITUYECKOM MOCTOSITHHOM CTEKJIa UMEET MECTO IJISi CTEKOJI, CHIIBHO
OTJIUYAIOLIUXCS TI0 COCTaBY (CHIIMKATHEIE, OopdochaTHoe, pochaTHbIe).
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Anr (}") =n, (}") —Ny = ﬂAT(r) - BHO-rr - BJ_ (699 + O, )5

1
Ang(r)=ny(r)—ny = AT (r)— Bjoyy — B, (0, +0..) )

for the radial (n,) and tangential (n4) components of light polarization, respectively.
Here, f = dn/dT, o;; is the temperature stress tensor, B and B, are photoelastic con-
stants, and AT(r) is the temperature variation at the point 7.

To calculate the change in the refractive index over the rod cross section, the
dependence 7(7) must be known. We assume the heat release in the rod to be uni-
form. Then, upon intense symmetric cooling, a parabolic temperature distribution is
established in the rod [7]. We are interested in the relative temperature distribution
over the rod cross section:

T(r)=T(1-r/r), 2)

where T =%A0r02/K is the temperature difference between the rod axis and surface,

Ay is the heat release rate per unit volume, and K is the glass thermal conductivity.

Let us estimate 7; from the measured focal length of the thermal lens as fol-
lows. For a section of a lens-like axially symmetric medium of length /, with a re-
fractive index changing according to the law

n=ny(1-2r*b%), (3)

fzb/(Zno sin2éj. 4)

Having substituted the o;; components, expressed in terms of the temperature gradi-
ent 7(r), into (1) [1], we can rewrite (1) in the form (3) and thus express the parame-
ter b in terms of 77. Then, substituting the measured values of the focal length of the
thermal lens into (4) and solving the equation obtained, we find 7. According to
the calculation, 7', = 5°C.

With the temperature distribution 7(r) is known, one can calculate the contri-
butions of different terms in Eq. (1) to the change in the refractive index. The calcu-
lation was performed for glasses GLS-1, KGSS-3, and LGS-40 with the following
parameters: (GLS-1) f=-4x10"71/°C, a=92x10"71/°C, E=7.5x10° kg/cm’,
v=0.229, B;=1x10"7cm’kg, and B, =3.6x107 cm’/kg; (KGSS-3) p=
=-33x1071/°C, a=102x1071/°C, E=6.5x10"kg/em’, v=0.247, B =
=1.6x10"7 cm?/kg, and B, =4.0x10"" cm?/kg; and (LGS-40) f=-72x10"1/°C, a =
=110x107 1/°C.

Since the mechanical properties of glass LGS-40 are unknown, the estimation
was performed in this case using the corresponding parameters of the typical com-
mercial phosphate glass FK-1: E = 6.8x10° kg/cm®, v =0.230, B, = 1.6x10" cm’/kg,
and B, =4.0x10" cm’/kg. The calculation results are shown in Fig. 2 (curves /-3
for GLS-1, KGSS-3, and LGS-40, respectively). The radial dependences of the
changes in the refractive index due to (@) the stress arising in the rod and () 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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Jlist oObsicHeHHsI TaKoW 3aBHCHMOCTH (W) paccCMOTpUM MEXaHH3MBI, TIPH-
BOJISIIUE K 00pa3oBaHut0 JTUH3bI. OCHOBHBIM SIBISCTCS HEOJTHOPOIHOE 110 CEYCHUIO
CTep)KHS W3MCHEHHE MOoKasaTessl MpeloMieHus An(r) MpU HaIWYMK TPAJUCHTA
TemrrepaTypbl 7(7). DKCIEpUMEHTaIbHO OBLIO MPOBEPEHO, UTO HM3THOOM TOPIIOB
npu 00pa3oBaHUM JIMH3BI MOXKHO MPEHEOpeyb, YTO COTJIACYeTCs C JUTEPaTyPHBIMH
JaHHBIMH (CM., Hanpumep, [6]). CormacHo [1],

Anr(r) = ”r(’”)_no ZﬂAT(f')_B”O-”, _BJ_(O-HH + O-zz)’

1
Any(r) =ny(r)—ny :ﬁAT(r)_BnO'aa -B, (o, +0.,) ()

COOTBETCTBEHHO JUIS PAIHAIBHON 71, U TAHTCHIUAIBHOH 7y KOMIOHEHT IMOJISIpH3a-
uu ceera. 3aeck f = dn/dT, 6; — TEH30p TeMIlepaTypHBIX HanpsbkeHui, By, B) —
doroynpyrue nocrosiHubie, AT(r) — W3MEHEHHE TEMIIePATyPbI B TOUKE 7.

JUist pacyeTa W3MEHEHHs! ITOKA3aTelsl PEJIOMIICHUS 110 CeYCHHIO CTEpIKHS He-
00xoaumo 3HaTh 7(r). IIpernosaoKiuM, 4T0O UMEET MECTO PaBHOMEPHOE TEIIOBbIIC-
JIeHHe BHYTPH CTep)KHs. TOrja Inpu MHTEHCUBHOM CHMMETPUYHOM OXJIXKICHHU B
CTepI)KHE yCTaHaBIIMBAeTCs mapaboiMveckoe pacrpeeieHue temrmeparyps [7]. Hac
MHTEPECYeT OTHOCUTENBHOE PACIPEISICHHE TEMIIEPATYPHI [0 CEYEHUIO CTEPIKHS

T(r)=T(1~-r/r), 2

2
rue Ty = Y, Ayry /K — pasHOCTb TEMIIEpaTyp Ha OCH U Ha IIOBEPXHOCTH CTEPIKHS, Ag—

CKOpOCTb BBIJICJICHUS TeTIa B eAUHUIIE 00beMa, K — TEIUIONPOBOJAHOCTh CTEKIIA.

OnennM 7) 1m0 W3MEpEHHOW BeNWYMHE (DOKYCHOTO PACCTOSHUS TEIIOBOM
JIUH3EI CIIETYIONTUM ITyTeM. [[J1s CeKIMu TMH30T0I00HOH 0CECHMMETPUIHON CPEIIbI
JUIMHOH [ ¢ I3MEHEHHEM TOKa3aTels MPEJIOMIICHUS 110 3aKOHY

n=ny,(1-2r*b*) (3)

f=b/(2n0 sin2lljj. 4)

[ToncrasuB B (1) BEIpaKeHUSA 0;; Uepe3 TpaaueHT Temieparypsl 7(#) [1], MOXHO TTe-
penucats (1) B dopme (3), uro mo3BonseT BbIpa3uTh napamerp b uepes 7y. Torna,
MOJICTaBIISAS B (4) U3MEPEHHBIC 3HAYCHUsT (POKYCHOTO PACCTOSIHUS TEIJIOBOH JTMH3BI
U pelasi IMoJy4rBIIeecs YpaBHEHUE, MOKHO HalTU 7). BrlurcneHns 1moka3bIBaioT,
yro 7= 5°C.

3Has pacnpejenieHue Temreparypbl 1(r), MOXHO pacCuuTaTh BKJIAIbI pa3-
JUYHBIX YJIEHOB ypaBHeHHA (1) B M3MeHEHHE IMoKa3aTells INpelomieHus. Pacuer
npomsBoamics st crekon [JIC-1, KI'CC-3 u JII'C-40. s pacdera MCIIOIh30Ba-
nMCh cremytomme mnapamerpsl crekon. IJIC-1: f=—-4-1071/°C, a=92-10" 1/°C,
E=17,510"kr/em®, v=0,229, B;=1:10" cm’/kr, B, =3,6:10" cm’/kr; KI'CC-3:
p=-331071/C, a=102-10"1/°C, E=6,510"«kr/em’, v=0,247, B/ =
=1,6'10" cm’/kr, B, = 4,010 em*/xr; JITC-40: f=-72-10" 1/°C, a = 110-10" 1/°C.

Mexanuueckue cBoiictBa crekia JII'C-40 HeW3BEeCTHBI, MO3TOMY JUISL OLICHKU
B3ATHI COOTBETCTBYIOIIHE MapaMeTPhl THITHYHOTO (hochaTHOTO MPOMBIIIIIEHHOTO CTEK-

(doxycHoe paccrosHuE [8]
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lines present the radial dependence of the total change in the refractive index, de-
scribed by Egs. (1). To simplify the figure, we showed the change in the refractive
index averaged over two polarizations.

The thermal lens formation is shown clearly in Fig. 2. Under periodic pump-
ing the stress arising in a rod leads to the formation of a positive lens, whereas a
temperature change in the refractive index produces a negative lens (at negative
values). The total effect depends mainly on the relation between f and the glass
photoelastic constants.

It is noteworthy that the An values described by the curves (b) change signifi-
cantly from glass to glass, and this change exceeds the corresponding variation in
An described by the curves (a) by an order of magnitude. The reason is that the pho-
toelastic constants of glasses vary only slightly even when the glass composition
changes considerably, whereas the f value is very sensitive to the composition.
Therefore, the change in the thermal lens strength and its sign with a change in the
glass composition is actually due only to the change in f. Using formulas (1), (3),
and (4), one can easily show that, with the n, a, E, v, B, , and B, values and the
temperature gradient 7(r) identical for all glasses, the optical lens strength D de-
pends linearly on £ and on W= a(n—1)+f 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"7 cm?/xr, B, = 4,0-10" cm?/xr. Pe-
3yabTaThl pacuera npuseaeHsl Ha puc. 2 (I'JIC-1 (/) , KI'CC-3 (2) u JIT'C-40 (3)).
[lTpruxoBble KpHUBbIE NOKA3bIBAIOT PAJHATIBHYIO 3aBHCUMOCTh U3MEHEHHUS TIOKa3aTe-
JIsl IPEJIOMIICHUS! BCIIEICTBHE BOSHUKAIOIINX B CTEP)KHE HANPSLKEHUH (@) M BCIIEACT-
BUE M3MEHEHUs TEMIEPATYPbI CTEPKHS IIPU HYJIEBBIX HanpsukeHUAX (6). CruioniHsle
KPHBBIE M300paKaroT paJualbHYI0 3aBUCHMOCTH IMOJHOTO W3MEHEHHMsl MOKa3aTels
NpeIoMIICHHS, OIMChIBaeMyto ypaBHeHHAMH (1). UToObI He meperpyskaTh PUCYHOK,
3/1eCh MIPUBEACHBI CPEAHUE MO IBYM HOJSIPU3ALMIM 3HAUCHHUS U3MEHEHUsI IOKa3a-
TeJIsl IPEJIOMIICHUS.

Puc. 2 HarnggHO wuIOCTpUpyeT 00pa3oBaHUE TEIUIOBOM JIMH3BL. BuaHo, 4To
NpY NEPUOAMYECKON HAKaYKe CTEPXKHsSI BO3HUKAIOIIME B HEM HANpsDKEHHS MPHUBO-
JSIT K 00pa30BaHUIO ITOJIOKUTEIBHOM JIMH3bI, B TO BPEMsI KaK TEMIIEPaTypHOE U3Me-
HEHHE TI0Ka3aTellsl IPeIoOMIICHHS IPUBOAUT K 00pa30BaHUIO OTPULIATELHOMN JIMH3BI
(pu OTpHLIATENBHBIX 3HAUYEHHAX f) U 4TO CyMMapHbIH 3((eKT 3aBUCUT, B OCHOB-
HOM, OT COOTHOILIECHHUSI MEXXIY BEIUYMHON £ ¥ 3HAYCHUAMH (POTOYNPYTHX HOCTOSH-
HBIX CTEKJIA.

BaxHO OTMETHUTH 37€Ch, YTO BEIWYMHBI An, ONMUCHIBAEMble KPUBBIMHU (0),
CHJIBHO M3MEHSIOTCS MPH MEPEX0ie OT CTEKIIa K CTEKIIy M 3TO U3MEHEHHE Ha MOopsi-
JIOK IIPEBOCXOAUT COOTBETCTBYIOLIEE U3MEHEHHE BEIUUUH An, OIMCHIBAEMBIX KpH-
BBIMU (a). DTO 0OBSICHIETCS TeM, U4TO (POTOYNPYTHE MOCTOSIHHBIE CTEKOJI MEHSIOTCS
HE3HAYUTEIBHO Ja)Ke NPU CHIIBHOM HM3MEHEHHMH COCTaBa CTEKJA, B TO BpeMs Kak
BEJIMYMHA § OYeHb YyBCTBHUTENbHA K cOCTaBy. [103TOMy M3MeHEeHne CUIbI TEIIOBOH
JIMH3BI U €€ 3HaKa MpH W3MEHEHHH COCTaBa CTEKJIa NMPAKTHYECKH MPOUCXOIUT 3a
CYET U3MEHEHHS TOJILKO BEIMYHHEI 5. Jlerko mokaszarts ¢ momoiubto Gopmyi (1), (3)
u (4), uro ecnu n, o, E, v, B, B, u rpagueHt Temmneparyps! 7(r) oQUHAKOBHI IS
BCEX CTEKOJI, TO JUIs IIMPOKOr0 WHTEpBaja 3HAUeHHH f onThieckas cuia JUH3b D
TuHEHHO 3aBUCHT OT f W oT W=oa(n—1)+f. OTKIOHEHHE SKCIEPUMEHTATHHO
nmoJtydeHHOU 3aBucUMOCTH D(W) oT nuHEHHON 0OBICHSAETCS HEOONBITUMHU Bapua-
OUSIMH YKa3aHHBIX TApaMETPOB OT CTEKJIA K CTEKITy, a TaKKe Pa3IMYHBIM TEIIOBbI-
nenenueM B crekiax. IlocnegHee oOCTOATENBCTBO CBA3aHO C HEOAMHAKOBBIMH
CIEKTPaIbHO-JIIOMUHECLIEHTHBIMH XapaKTePUCTUKAMH UCCIIELYyEMbIX 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 0.14%1.3 mrad. The divergence of the light passing
through the plate is 3.5 mrad. This light enters a hollow glass light pipe of square
cross section, placed in a cell with methane gas'.

Since the radiation is incident on the light-pipe walls at glancing angles, the
coefficient of Fresnel reflection from them is close to unity. This ensures constancy
of the pump intensity along the cell. To prevent lasing, the cell windows are in-
clined 45°.

(\ /=
D | P L C

Fig. 1. Experimental setup: D — diaphragm (6xX6 mm); P — plate 1.3 mm thick, with surface
roughnesses ~150 um high and ~1 pm deep (see [2] concerning the optical properties of such a
plate), distance between plate and diaphragm 10 cm; L — lens of 10 cm diameter and focal
length 10 cm; C — cell with light pipe; cell length 96 cm, light pipe length 94 cm, cross sec-
tion 4x4 mm; C; and C, — systems for the measurement of the parameters of the laser and re-
flected light

# JETP Lett. 1972. Vol. 15. PP. 109-112.
! The methane is at room temperature and 125 atm pressure. Under these conditions, the
gain due to the SMBS is approximately 0.09 cm/MW and the gain line width is ~20 MHz [3].
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O cBSI3N MeXAY BOJIHOBbIMU (PPOHTAMM OTPAXKEHHOrO
1 BO36y>caalowero ceeta rnpuv BbiIHY>XAE€HHOM paccesiHum
Manpenbwtama-Bpunnosna’

b.5,1. 3enbgoBny, B.U. NMonosnyuyeB, B.B. Pary/bckunii,
@.C. daiizynnos

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

[Ipu BRIHY)XOEHHOM paccesHun Mannensimtama—bpunosna (BPMB) cser,
paccessHHBIM Ha3ajl, PaclpoOCTPaHSETCS OOBIYHO B TOM JKE€ TEJIECHOM YTIE, YTO H
Bo30Oykmaromee m3nyderue, cMm. [1]. Jlo cux mop He HcciIemoBaioch, CBSI3aH U
3TOT (aKT JIMIIb C TEOMETPHEH OMbITa WKW OH MMeeT OoJiee TITyOOKYI0 NPHUPOLIY.
Jlns BBISICHEHHS STOTO BOMPOCA MBI CPAaBHWIIM BOJTHOBBIE (DPOHTHI OTPaXKEHHOTO U
BO30Y>KIafOIIETo CBETA.

CxeMa 3KCriepuMeHTa Moka3aHa Ha puc. 1. BomHoBo# GpoHT m3mydueHus 1a-
3epa Ha pyOMHE HMCKa)KaeTCsS C IMOMOIIBI0 IIACTUHBI [/, M3TOTOBJICHHOHN IMyTeM
TpaBJICHUs MOJIUPOBAHHOIO CTEKIA B IUIABUKOBOM KucioTe. JlazepHoe u3iydeHue
umeer pacxomumocts 0,14x1,3 mpan. PacxoauMocTh cBeTa, MPOIIEIIIET0 Yepes
IUIACTHHY, COCTAaBISIET 3,5 Mpal. DTOT CBET MOMAJACT B MOJIbIA CTEKISIHHBIA CBETO-
BOJl KBAJPATHOrO CEUCHHs, NOMEIICHHBI B KIOBETY C Ta3000pasHbIM METAaHOM .
Tak kak U3ITydeHHUE MaJacT Ha CTEHKU CBETOBOJIA MOJ CKOJB3AIIMMHU YIiiaMu, (pe-
HeJeBCKHi K0 (QUIIMEHT OTpaXKeHHsI OT HUX OJHM30K K equHMIe. braromaps atomy

I f
/U U VS nd
| Ja

Puc. 1. Cxema sKkcriepuMeHTaIbHOW ycTaHOBKM: D — nuadparma 6x6 mm; /1 — macTuHa
TONIIUHOM 1,3 MM, HEpPOBHOCTHU Ha MOBEPXHOCTH ILIACTUHBI UMEIOT pasMepsl ~150 MM u rity-
onHy ~1 MKM (00 ONTHYECKHMX CBOWCTBAaX MOMOOHBIX IUIACTHH CM. [2]), pacCTOSHHE MEKIY
acTuHON u auadparmoit 10 cm; JI — nmH3a muamerpoM 10 cM ¢ POKyCHBIM pacCTOSTHHEM
100 cM; K — KroBeTa CO CBETOBOJIOM; JIUIMHA KIOBETHI 96 cM; IinMHA cBeTOBOIa 94 cM, cede-
Hue 4x4 mm; C, u C; — CHUCTEMBI H3MEPEHHs TAPaMETPOB JIA3EPHOTO U OTPaKCHHOTO CBETa

* MucbMa B XKITO. 1972, T. 15, Bbin. 3. C. 160-164.

! MeTaH HaxoauMTCca Npu KOMHaTHOM TeMnepaType noa AasieHueM 125 aTtM. Mpu 3TuX ycno-
BUAX KO3(PUUMEHT ycuneHns 3a cyet BPMB =0.09 cM/MBT, a WwWupuHa NUHUM yCUTIEHUS
=20 Mlu [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 tion, registered by the measuring system
scattered (right) radiatiqn. The disgersign 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 356 and 3a is
equal to the value of the reflection coefficient (~25 %) obtained from calorimetric
measurements.

A different picture is observed if the cell with methane is replaces by a flat
mirror (see Fig. 3¢). In this case the divergence of the reflected light greatly exceeds
the divergence of the laser emission and equals 6.5 mrad.

Passage through the etched plate makes the coherent-light beam highly in-
homogeneous in its cross section, owing to interference between the waves travel-
ing in different directions [2]. To determine the influence of these inhomogeneities
on the SMBS process, we photographed the far zone of the reflected light in the ab-
sence of the plate (Fig. 3d). In this case the divergence of the scattered radiation
greatly exceeds that of the exciting light.

The experimentally observed “correction” of the wave front of the backscat-
tered radiation, effected with the same phase plate that had distorted the initial laser
wave, can be explained if it can be demonstrated that the scattered field (signal)
E((r., z) in the plane z =1z, coincides (apart from a factor) with the complex-

conjugate laser field E,(r,,z):
E((r.,z,) ~ const E,(r,, z,). ()

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 TMOCTOSHCTBO HHTEH-
CHBHOCTH HAKAYK{ IO JJIUHE KIOBETHL
Jns mpenynpexaeHusl TeHepaluyd OKHa
KIOBEThI CKOLLIEHBI Ha yroa 45°.
IInactuna I/ ocBemiaeTcsi My4YKOM
MPSIMOYTOJIBHOTO CeUYeHUs, cHOPMUPOBAH-
HbIM auadparmoit /{. C TIOMOIIBIO JIMH3BI
JI ¢ Oompmmoit ameprypoil M300pakKeHHE
OCBEIICHHOW O0JIACTH CTPOUTCS Ha BXOJE
CBETOBOJIA, MPHYEM BEIUYMHA HM300paxe-

Puc. 2. CriektporpaMMbl BO30YKIAIOIIETO
(cmeBa) m paccesHHOTO (CrpaBa) H3ITyde-

Ui, OOmacte mucnepcun dtanona dadbpru—
HUS paBHa pasMeEpPy BXOIHOIO OTBEPCTHS Mepo 3,33-10 2 cv !

cBeTOBOJIa. briaromapst 3ToMy Bce Jia3epHoe

U3IYYECHHUE, PETUCTPUPYEMOE U3MEPUTEIb-
HoOM cuctemoit C), Mpoiad miacTuHy // U JuH3y, nonagaer B cBeroBod. Cucrema C,
pETHCTPUPYET OTPaKEHHBIH CBET, TAKXKE MPOIIEIINI Yepe3 INH3Y U IDIaCTHHY.

PyOunOBEII JTa3ep paboTaeT HAa OOHOW OCEBOW MOJIE, €T0 U3ITyYeHHUE Ha BXO-
Jle B KIOBETY UMEET MaKCUMAaJIbHYIO MOIIHOCTh ~1,3 MBT npu miurensHOCTH UM-
mynbca no nomyBbicoTe ~110 Heek. Pa3Bsizka Mexay Ja3epoM U KIOBETOM OCYIIECT-
BJIETCS C IOMOILBIO ONTUYECKOTO U30JISTOpA Ha OCHOBE siueiiku Dapajes.

B cmektpe orpakeHHOro cBeTa HaOMOJaeTCs OfHA TUHUS (pHUC. 2), cMellle-
HUE KOTOPOH OTHOCHUTEIHHO JIMHHUH JIA3€PHOTO M3IYUYEHHS] COOTBETCTBYET pacces-
Huto Ha 180°.

Ha dotorpaduu puc. 3a mokazaHo pacnpeieseHHe JTa3epHOTO M3IYUYEHUs B
nanbHel 30He. Dotorpadus AaabHEH 30HBI OTPAKSHHOTO W3IYUYCHHS MPUBEACHA Ha
puc. 36. Kak BUIHO, OTpaXCHHOE U3Iy4YCHHE, IPOUI TUIaCTUHY /], UMEeT mpakTu-
YECKH Ty K€ PacxXxOJWMOCTh, YTO M JIa3€PHBIM CBET. DTO MOATBEPXKIAETCS TaKXkKe
COBIIaJICHUEM OTHOIICHHSI MHTCHCUBHOCTEH, OIPENEIICHHBIX MPH 00pabdoTKe Hera-
TUBOB 36 W 3a, ¢ BeNMU4IUHOHN Koddduimenta orpaxeHus (~25 %), NodydeHHOH u3
KAJIOPUMETPUICCKUX U3MEPCHHIM.

Wuas kapTrHa HAOIOACTCS, €CIIM 3aMEHUTH KIOBETY C METAHOM Ha IJIOCKOE
3epkaio (cMm. puc. 36). B aToM cirydae pacXoAnMOCTb OTPaKEHHOTO CBeTa HAMHOTO
MIPEBBIIIAET PACXOAMMOCTD JIA3€PHOTO U3IYUYEeHHUS U COCTaBIsAET 6,5 Mpas.

[Tydok KOrepeHTHOTo CBeTa, MPOIIEIIINN Yepe3 TPaBJICHYI0 TUIACTHHY, TpU
JaTbHEHIIeM PacTpOCTPAHEHUH CTAHOBUTCS CHILHO HEOJHOPOIHBIM IO TIOMEped-
HOMY CEUYCHHIO 33 CUeT WHTep(EPECHIIMU BOJH, MIYIIUX B Pa3HBIX HAIIPABIICHUSIX
[2]. Jns BBIACHEHUWS BIMSHHS 3THX HEOTHOPOMHOCTEH Ha mporecc BPMB Opuia
chotorpadupoBaHa JaNbHSS 30HA OTPAXKCHHOI'O CBETA MPH OTCYTCTBHU IUTACTHUHBI
(puc. 32). B aToM cimydae pacXoJMMOCTh PAaCCESHHOTO TONYYEeHHUs CYIIECTBEHHO
MPEBOCXOANT PACXOTUMOCTH BO30YKIAIOIIETO CBETA.

OOHapyXKeHHOE Ha 3KCIICPHUMEHTE «UCIIPABICHHE» BOJHOBOTO ()pOHTA pac-
CesTHHOTO Ha3aJ M3JTy4eHHs C IIOMOIIBI0 TOH ke (ha30BOil MIACTHHBI, KOTOpas MCKa-
3WjIa UCXOAHYIO JIA3€PHYIO BOJHY, MOKHO OOBSICHUTB, €CIIM YJAcTcs IMO0Ka3aTh, YTO
paccesiHHOE moe (curHan) Ey(r, z) B INIOCKOCTH Z = Zy COBNAAACT (C TOYHOCTHIO JI0

.
MHOJKHUTEIIS1) C KOMIUIEKCHO-CONPSKEHHBIM JIa3epHbIM noieMm E, (7, ,z):

Es(’lszo)~ConStEZ(’lszo)- (1)
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1 mrad 1 mrad

——

1 mrad

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 3x10 . Therefore the propagation of
the signal wave Ey(r,, z) =e '
parabolic equation

&(ry, z) in the (—z) direction can be described by the

oe i 1
~+—A g +—g(r,z)e =0, 2
o o s 2g(L z) (2

S

where the gain g(,, z) is determined, by virtue of the foregoing, simply by the local
value of the intensity of the laser field, g(r., z) = A|E.(rL, 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),

oe; i

——-—A =0 3

o ok, 3)
(it can be shown that the small difference between the coefficients &;' and k' of the
transverse Laplacian can be disregarded). Let us consider a system of functions
flry, 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

[ 10020 00 2)dr =83 “Ea—oALf =0, )
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1 mpan

Puc. 3. ®ororpaduu pacnpeneneHus B JalbHEH 30HE: @ — JIA3€PHOTO M3JIyYEHHsS; 6 —
PaccesHHOTO M3IY4EHHUS; 6 — CBETa OTPAXKEHHOTO IJIOCKUM 3€pKallOM; 2 — PacCesHHOTo
CBETa MPH OTCYTCTBUM Iu1acTuHbI /1. Dotorpaduu nosydeHsl o MeToanke padorsl [4]

3/1ech TUIOCKOCTh Z = zo NMEPICHANKYISIpHA CPEIHEMY HAIPaBICHHUIO IMy9YKa M pac-
MOJIO’KEHa BOJIM3M IJIACTUHBI CO CTOPOHBI PacCceMBaroIei KioBeThl. [IpuBenem mo-
JYKOJMYECTBEHHBIE COOOPaKEHHS U MOJIB3Y BBITOIHEHU (1).

HerpyaHo noka3arb, 4TO 3aBUCUMOCTBIO OT yTia paccestHus ¢ BEeTUYUHBI KO-
s punmenTa yCUIIeHUsI W PEaKTUBHON COCTABIISIONICH HETMHEHHOW MOIsIpH3yeMOo-
CTH TIPH M3MEHEHHH O B SKCIIEPUMEHTAIBHEIX mpeaenax 0 < 7— 0 < 3:10° MOoXKHO

npeneGpeus. [T03TOMY pacnpocTpanenne BoHbl curbana Ey(r1, z) =e *ey(ry, z) B
HaIpaBJIieHHH! (—Zz) MOYXKHO ONKCHIBAThH MapabOIHMYECKIM ypaBHEHUEM

Oe,
oz

i 1
+EAJ_SS+§g(rJ_’Z)gs :Oa (2)

S

rae kooddumnment ycunenns g7, z) B CHIIy CKa3aHHOTO BBIIIE, ONPEAEIIeTCs Mpo-
CTO JOKAIBHBIM 3HAUYCHHEM HHTEHCHBHOCTH OIS nasepa: g(ri,z)=A|E,(ry, z)|".
Hanbonee cymecTBeHHBIH MyHKT PacCMOTPEHHSI COCTOMT B TOM, 4TO IIOJIE JIa3epa

E,(r. ,z)=e""¢,(r ,z) ynoBnerBopseT (B MpeHEOPEKEHNN UICHAMH C YCHICHHEM)
YPaBHEHUIO, KOMIIJIEKCHO CONPSKEHHOMY K (2),

os i
a—;—i 16.=0 3)
L

(MOHO TMOKa3aTh, UTO Majoe pasindue kodhduimenTos k;' u k' mpm momepeu-

HOM JIalulaciaHe MOXKHO HE YYHTHIBaTh). PaccMorpum cucremy ¢yHkuuii f; (v, z),
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Then the orthogonality relation will hold at any section z = const. We choose a func-
tion f;(r,,z) that coincides with the laser field: &,(r,,z)=Bf,(r,,z), and the re-
maining functions f; (,,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

501,2)= XD £, 5)
and obtain for the coefficients Ci(2)
dc,; 1
Y HCLICR ©)
gx(2)= 4B [dr. | £y (.2 £ (r1.2) (1. 2). )

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 | (., z)]* over the cross section (this is precisely the situation in the ex-
periment), the diagonal coefficient gyo(z) which can be arbitrarily called the gain of
the zeroth function) exceeds by 2-3 times the gains g;; of the remaining functions
and the values of the off-diagonal coefficients |go, |gi|, i, £ # 0. It is therefore likely
that the amplitude Cy(z) will increase most rapidly, and this will yield the required
relation (1).

We note also that if the exciting radiation has an amplitude profile that is
constant over the cross section | f(r., z)|* = const, then there should be no preferred
production of the complex-conjugate laser-front by the signal. This agrees qualita-
tively with the result of the experiment without the etched plate.

The authors thank N.G. Basov for interest in the work and V.I. Kovalev for
help with the experiments.
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i=0, 1, 2, ..., yOIOBIETBOPSIOUIMX COOTHOLIEHUIO OPTOTOHAJIBHOCTU B CEUEHUU
Z =Zp 1 TOMY K€ YPaBHCHHIO, KOTOPOC OMHUCHIBACT paClpPOCTPAHCHUE KOMIIJIEKCHO-
COIIPSIPKCHHOT'O I10JIA JIa3epa:
. of i
[ £ 0Lz fitz)dr =5, =+
oz 2k

Tor/:[a COOTHOIIECHUC OPTOrOHAJIBHOCTHU 6y)_ICT HMETh MECTO B JI0O00OM CEUEHUH Z =

A, f,=0. )

= const. BeiGepem ¢QyHKuMIO f; (7,,2z) COBHajarolIeil ¢ moieM naszepa: &,(r,,z)=
= Bf, (r,,z), a octanbusle GyHKIUH f; (7,,2), i=1,2, ..., BBIOEpPEM MPOU3BOIBLHO,

HCXOJII W3 YCIOBHsI opToroHanbHOCTH (4). IlpeacTaBisisi moje CUTHajga B BUIE
PpasioKeHHs

501,2)= XD £, )
st ko3¢ punmeHToB Cy(z) nonydaem
dC(z) 1% _
= 7 ;gik (2)Ci(2) =0, (6)
gu(2)=AB* [dr | f,(r0,2)[ £ (1,2) £ (71, 2). (7)

Mks1 He OyaeM oApOoOHO MCCIIEA0BATh CBOMCTBA PEIICHUH CHCTEMBI ypaBHE-
Huit (6)—(7) (370 TOJDKHO COCTABUTH MPEIMET OTACIBLHOTO COOOIICHHUS), 1 OTMETHM
JHUIb cneaytomee. B ciyuae, xorna Tudpakius 1a3epHOTo MoJsl MPUBOAUT K 3Ha-
YNTENBHBIM KOJIeOaHUsAM BEIHUMHEI | fo(r1, 2)| 0 ceueHuio (a MMEHHO TaKOBA CH-
Tyanus B 9KCIIEPUMEHTE), TUarOHAIBHBIA KOIPPUIIHEHT goo(z) (KOTOPBIH YCIOBHO
MOXXHO Ha3BaTh KOA(DPHUIIMEHTOM yCHWIIEHUS HyJIeBOH (YHKIIMK) B 2—3 pasza mpe-
BOCXOJIMT BEIWYMHY KOI(DOHUINEHTOB YCWICHUS g;{Z) U OCTAIBHBIX (QYHKIHMHA U
BEITMYMHBI HEAMATOHAIBHBIX KOd(DPHUITMEHTOB |goi|, |gul, i, kK # 0. IlosTomy mpen-
CTaBIIsieTCsl MPaBIONoN00HBIM, uTo ammuTyaa Cy(z) Oynet pactu Hanbonee ObICT-
po, uTo 1 gact Tpedyemoe cootHomerue (1).

OTmeTuM TakXke, 4TO eClIM BO30Y)KIaroliee M3ITydeHHEe MMEET MOCTOSHHBII
110 TONEPEUHOMY CEUEHHIO MPOQHIb aMILTATYIbI | fo(rL, z)]* = const, To HHKAaKOro
MPEUMYIIECTBEHHOTO BOCIIPOM3BEACHUS CUTHAJIOM KOMILJIEKCHO-COIIPSKEHHOTO Jia-
3epHOro ()pOHTA HE JOKHO MPOHUCXOAUTH. ITO KAUECTBEHHO COTJIaCyeTcs C pe-
3yJIBTaTOM OIIbITA O€3 TPaBJICHOH IIACTHHBI.

Astops! Oarogapusl H.I'. bacoBy 3a BamManwme k pabore u B.M. KoBaneBy
3a IoMOoIIb B ITPOBECACHUHN DKCIICPUMEHTOB.
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