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OBBEMHBIE JIASEPBI HA CBOBO/JHBIX 9JIEKTPOHAX

B. I'. bapbiueBckui

Jlazepsr Ha cBoOOAHBIX AnekTpoHax (JICD — ycTpolcTBa, B KOTOPHIX PEISTHBH-
CTCKHE ITyYKH JJIEKTPOHOB T€HEPUPYIOT KOTEPEHTHOE AIIEKTPOMAarHUTHOE HU3ITy4YeHHE)
MIPEJICTABIAIOT c000il Upe3BhIUAiiHO BaKHOE M aKTUBHO Pa3BHBAIOIIEECs HAIIPaBICHUE
HayKH M TeXHUKH. B HacTosIIee BpeMsl OCYyIIEeCTBIIEHA T'eHEPallus U3TYUeHHS B CAMBIX
PasInYHBIX AWana3oHaxX AJUH BOJIH: HAUYMHAs OT CAaHTHMETPOBBIX M KOHYas ONTHYE-
ckuMu. OCyIIeCTBIACTCSA MPOEKT peHTreHoBckoro JICH.

HezaBucumo ot tumna JICD B ocHOBE ero paOOTHI JIeKaT JBa BaKHEHIINX (pu3u-
YeCKHUX SBJICHUS — SIBIEHNE WHAYLUPOBAHHOTO U3TyUeHUs U SBJIEHHE BOSHUKHOBEHUS
MOJ BIMSHUEM H3TYYCHUS TEPHUOAMYCCKON MOAyIsuuu (OyHUYMPOBKH) IIOTHOCTH
3NIEKTPOHHOTO Iy4Ka (SBJIeHHE MyYKOBOM HeycToitunBoctn). ['eneparus B JICO Bo3-
OyXIgaercst pa3IM4YHBIMM MEXaHM3MAaMH CIIOHTAHHOTO M3JIYy4YCHMSA: MAarHuTo-
TOPMO3HBIM H3JIyYeHHEM B OHIYJsATOpE, nznydenuem Cmur — [lapcena n YepeHnkona,
U3Iy4YeHHEM B JazepHoi BoiHe. Ho He3zaBHCHMO OT TOro, Kakoil MMEHHO BHJ CIOH-
TAHHOTO M3JIy4eHHs IpUMEHseTcs B KOHKpeTHOM JICD, Bce mpuOOpHI 3TOro THIIA HC-
MOJIB3YIOT OOPaTHYIO CBsI3b, CO3J]aBaeMyI0 WM IBYMs MapaUIeIbHBIMU 3€pKallaMH,
pacroioKEeHHBIMH Ha Kpasx pabodeld 00JacTH, MM OJHOMEPHOU IH(PaKIHOHHON
PEIIEeTKOM, B KOTOPO# HcITyckaeMas U AudparupoBanHas (0TpaskeHHAas1) BOTHBI PacIpo-
CTPaHSIOTCS BAOJIb JJIEKTPOHHOTO ITy4Ka (OTHOMEpHAs pacrpeaeieHHas 00paTHAs! CBS3b).

X0poIo N3BECTHO, YTO JIr00as U3Iydarolias CUCTEMa XapaKTEePU3yeTCsl €€ CIIeK-
TPOM COOCTBEHHBIX KOJIEOAHMII M Tak Ha3bIBA€MbIM IMCIIEPCHOHHBIM YpPaBHEHHEM,
OMNKCHIBAIOIIMM B CIIy4ae MaJIblX BO3MYILEHUN (JINHEHHBIA PEKUM) BO3MOXKHbIE THIIBI
BOJIH B CUCTEME U CBSI3b MEXIy YaCTOTOM U BOJHOBBIM YHMCIIOM COOCTBEHHBIX KojeOa-
Hu cucteMbl. B cimydae JICD Takoe AucCIepCHOHHOE ypaBHEHHE MTOKa3bIBAaeT, UTO B
CHCTEME CYILECTBYIOT CBSI3aHHbIE MEXIy COOOI 3JIEKTpOMAarHUTHbIE BOJIHBI M TaK Ha-
3bIBAEMBIEC IIPOMOJIBHBIC BOJHBI 3JEKTPOHHOM IUIOTHOCTH. TINATENbHBIM aHaIU3
CBOWCTB 3TOr0 TUCIIEPCHOHHOIO ypaBHEHUS MOKasanl [l], 4To OucCIepCHOHHOE ypaB-
HeHue a7 JICO B KOJUIEKTUBHOM PEXHME COBIANAET C JUCIICPCUOHHBIM YPaBHEHHEM
00BIYHOTO yCHIUTENs Oeryrei BoHbBI [2] u kodddumuent ycunenus JICOD (uakpe-
MEHT HEYCTOHUYMBOCTH IEKTPOHHOTO ITyyKa) B YCJIOBUSX CHHXPOHH3MA BOJH IIPO-

%

IIOpHUOHAJICH L, 3 , TAC Py — INIOTHOCTD DJICKTPOHHOTO ITy4Ka.

B pabote [3] ObII0 OKA3aHO, YTO TIPH JABMKCHUN PEIATHBHUCTCKOTO ITyYKa JJICK-
TPOHOB uepe3 KpUCTALT (Cpedy, OOJaJarollyl0 MPOCTPAHCTBEHHO-TEPHOANICCKOM
JIBIEKTPUYECKOI MPOHUIIAEMOCTHIO) BO3MOXKHO BBIMTOJHEHUE YCIIOBHH, MIPH KOTOPHIX
MOSIBJIICTCS. HOBast (pu3mueckas 3aKOHOMEPHOCTh, @ MMEHHO: HHKPEMEHT HEyCTONYH-
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BOCTH 9JICKTPOHHOTO IyYKa OKa3bIBAeTCsl POMOPLHOHAIBHEIM HE 04>, a pgs*, e
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S — YMCIIO BO3HHUKAIOIIMX B pe3yJibTaTe OpP3ITOBCKON AM(PAKIUU B peLIeTKE W3Iy-
4aeMBbIX IEKTPOMATHUTHBIX BOJIH, & O — IUIOTHOCTh 3JIEKTPOHHOIO IIy4Ka.

VYxazaHHass HoBas (U3UYECKas 3aKOHOMEPHOCTh IMO3BOJIMJIA PE3KO CHHU3HUTH
IUIOTHOCTH TOKa AJIEKTPOHHBIX MYYKOB, HEOOXOIUMBIE ISl TOCTHKEHHS Opora TeHe-
pamyu B peHTT€HOBCKOM Jia3epe, YTO paHee MPeICTaBIsIOCh COBEPIIEHHO HEBO3MOXK-
HbIM. Crenyromuii TPHHINIHAIEHO BaXKHBIA mar ObUT clenad B padote [4], B KOTO-
poii OBLTO MOKa3aHo, YTO 3T HOBAsK (PU3NYECKasi 3aKOHOMEPHOCTh HUMEET MECTO U IPH
JIBIKCHUU Ty4Ka B mend (B BaKyyMe), CO3/IaHHOW B AU(PAKIMOHHON pelieTke Ha
ITyTH ABMKCHUS DJIEKTPOHHOTO ITy4Ka. ITO 00CTOSTENBCTBO Cpa3y CHSUIO Bee MpoodIe-
MBI, CBA3aHHBIC C MHOT'OKPATHBIM PACCCAHUEM DJJICKTPOHOB B BCIICCTBC PCIICTKU, U
nepeBesio mpobjaeMy Co3AaHusl TeHEPaTOPOB KOTEPEHTHOTO AJIEKTPOMATHUTHOTO H3-
Jy4eHHs] OT CAHTHMETPOBOTO J0 PEHTICHOBCKOTO Ha OCHOBE HOBOHM (hU3MYECKOH 3a-
KOHOMEPHOCTH (Ha3BaHHBIX HAMH OOBEMHBIMH JIa3epaMi Ha CBOOOIHBIX JIEKTPOHAX)
B IIPAKTHUYECKYIO TUIOCKOCTb.

B nacrosiee BpeMst 00beMHEIE J1a3epbl Ha CBOOOAHBIX 3MekTpoHax (OJICD) sB-
JISTIOTCST IPE3BBIUAHO TEPCIEKTUBHON pasHoBHIHOCTHIO JICD, crmocoOHo# obecrre-
YHUTH U3TyYEHHUE B ITMPOKOI 00JIACTH CIIEKTPa, OT CAHTUMETPOBOTO JIO PEHTI€HOBCKO-
ro (cm. [5-7]). OtnuuntenbHoi ocobeHHOCTRI0 OJICD sBNsSETCS HMCIIONBL30BaHUE B
KadecTBe OOBEMHBIX PE30HATOPOB OJHO-, IBYX- M TPEXMEPHBIX AU(PPAKIIMOHHBIX pe-
IIETOK, 00ECTICYNBAIONTUX O0BEMHYIO PaCIPEICIICHHYIO OOpaTHYIO CBS3b U, KaK CIIEI-
CTBHE, BOBMOKHOCTb IUTABHOM MEPECTPOHKHU YacTOTHL. BaXHO MOAYEpKHYTH, YTO JaXe
olHOMEepHasi MU(PaKIMOHHAs pPelIeTKa MOXKET oOecreynBaTh 00BEMHYIO (HE OIHO-

. Vs
MEPHYI0) 00paTHYIO CBSI3b, €CJIM YroJl OP3rTOBCKOM AU(paKIUN # bR OTO mpUBOIUT

K 3HAYUTEIIbHOMY U3MEHEHHIO TIOPOTOBBIX YCIIOBHIMA, U, IIPU OMPEACICHHBIX YCIOBHSIX,
OJICD obecneunBaet 6omee 3PPEKTUBHBIN MpoLecC U3MydeHHs, YeM oObruHbIi JICD,
WCTIIONB3YIOMINN OTHOMEPHYIO pacipeellieHHYI0 00paTHYIO CBs3b. bonee Toro, Onaro-
Japsi BO3MOXKHOCTH UCIIOJIb30BAHMS HIUPOKUX JJICKTPOHHBIX MYyYKOB U JU(PAKIIUOH-
HBIX penieTok Oonbimx 00beMoB OJICD mo3BOMSET MONydaTh HA MHOTHE MOPSIKU
0O0JBIIIE MOIIHOCTH M3ITyYeHHS TPH CYIIECTBEHHO MEHBIIUX pa3Mepax, yeM OObIu-
uete JICD.

®daktruecku Ha ocHOBe uaew co3ganus OJICDO BO3HHMKAeT B HACTOAIIEE BpeMs
HoBas BeTBb CBY, onTHueckoil U pEeHTT€HOBCKOM Ja3epHOM TEXHUKHU, MO3BOJISIONIAS
CO3/1aBaTh T€HEPATOPHI, OOECIIEYNBAIOIINE TIABHYIO TEPECTPONKY YaCTOTHI B ITUPO-
KOU 00JIacTH CIIEKTpa U BBICOKYIO MOIIHOCTH u3nmyudeHus. [lepserii OJICD nauan pa-
6otats B HUU AI1 20 ampenst 2001 r. (cM. cTaTe B JaHHOM COOpHHKE).
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VOLUME FREE ELECTRON LASERS
V. G. Baryshevsky

Free electron lasers (devices in which relativistic electron beam generates coherent elec-
tromagnetic radiation) take on special significance and are being developed actively world-
wide. By now lasing is obtained in different wavelength ranges: from centimeter to visible. X-
ray FEL is being developed.

Irrespective of the FEL type its work is based on two major physical phenomena: phe-
nomenon of stimulated radiation and phenomenon of beam instability (i.e. appearance of peri-
odic modulation of electron beam density under the action of radiation). FEL lasing is aroused
by different types of spontaneous radiation, viz: magnetic bremsstrahlung in undulator, Smith-
Purcell or Cherenkov radiation and so on. But regardless of type of spontaneous radiation ap-
plied for certain FEL lasing, all these devices use feedback, which is formed either by two par-
allel mirrors placed on the both sides of working area or by one-dimensional diffraction grat-
ing, in which incident and diffracted (reflected) waves move along electron beam (one-
dimensional distributed feedback).

It is well known that each radiative system is defined by its natural oscillations spectrum
and by the so-called dispersion equation, which in the case of small perturbations (linear re-
gime) describes possible types of waves in system and relation between frequency and wave
number of natural oscillations of system. In case of FEL this dispersion equation shows that
tied electromagnetic waves and the so-called longitudinal waves of electron density exist in
system. Thorough analysis of properties of this dispersion equation was done in [1]. It was
shown there that:

e dispersion equation for FEL in collective regime coincides with that for conventional trav-
elling wave tube amplifier (TWTA) [2];
e FEL gain (increment of electron beam instability) in conditions of waves synchronism is

%

0
When an electron beam moves through a crystal (medium possessing spatially periodic

permittivity) specific conditions can be fulfilled and new physical law appears [3]. According

proportional to pg- , where p, is the electron beam density.

S+3

1
to this new law increment of electron beam instability is proportional to g instead of

%
£o
Bragg diffraction in grating.

This new physical law allows significant reducing of current density of electron beam
necessary for achievement of generation threshold in X-ray FEL that have been seemed to be
absolutely impossible before. The next fundamentally important step was done in [4]. It was
shown there that the mentioned new physical law also exists when electron beam moves in a
slit (in a vacuum) made in diffraction grating along the electron beam path. Thus all the prob-
lems evoked by multiple scattering of electrons in the grating matter were right off removed.
So generators of coherent electromagnetic radiation on the basis of this new law become real-
izable. We call them volume free electron lasers (VFEL).

At present time volume free electron laser is an extremely perspective type of FEL capa-
ble to provide lasing in wide spectral range from centimeter to X-ray (see [5—7]). Using
of one-, two- or three-dimensional diffraction grating as a volume resonator is a distinctive
feature of VFEL. Volume resonators provide volume distributed feedback and, hence, possibil-
ity of smooth frequency tuning.

, where p, is the electron beam density and S is the number of waves ensuing from
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It is important to emphasize that even one-dimensional diffraction grating can produce
volume (non one-dimensional) feedback if Bragg diffraction angle # % Availability of vol-

ume distributed feedback results in significant change of threshold conditions and in certain
case VFEL provides more effective lasing than conventional FEL using one-dimensional dis-
tributed feedback. Moreover, due to possibility of use of wide electron beams and large diffrac-
tion gratings VFEL allows obtaining of much higher radiation power at significantly less size.

Actually, new branch of microwave, optic and X-ray laser technics appears now on the
base of VFEL idea. It allows to develop generators providing smooth frequency tuning and
high power of radiation in wide spectral range. First lasing of volume free electron laser was
obtained on the 20™ of April 2001 in INP.
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