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OcBoeHue MWIJIMMETPOBbIX AJIMH BOJIH U TeparepLoBOro guanasoHa 4actoT npyv Heo6XxoAMMOCTHU
ob6ecrneyeHMs BbICOKMX 3HAYEHMW BaXKHEWWIEro KpuTepusi Ka4vecTBa cucteM 6ecripoBOgHOM
CBSI3W, PaAUONOKALMU WU PaAUO3/IeKTPOHHOIO MPOTUBOAEACTBMS — NPOU3BEAEHUS BbIXOAHOM
MOLLHOCTU Ha pabouylo 4YacToTy M MOJIOCY YacCTOT — CTa/IM CTUMYJIOM A/ pasBUTMUS BaKyyMHOM
MWUKPO3/IeKTPOHUKU. WUcnonb3oBaHne 6a30BbiX U MOAUGULUPOBAHHBIX MNPOLLECCOB MUKPO-
M HAHOTEXHOJIOTUM U UHGPPACTPYKTYpPbl MHTErpasbHO-rpynnoBoro mnpousBOACTBA NpuGopoB
TBEpPAOTE/IbHON 3/IEKTPOHUKU U MUKPOCUCTEMHOW TEXHUKW CO3AAIOT MPEeANOCbIIKU K 3BOJIIOLUMN
BaKyyMHOW D3/IeKTPOHUKU B MMUKPO- U HaHopasmepHylw o6nactb. B ctaTbe OTMeYeHO, 4TO
no KOMMJIeKCy napameTpoB, B TOM 4ucie, 6bICTPOAENCTBUIO, KPUTEPUIO KayecTBa, MNpenesibHoMn
pabouyeii 4acToTe, VYPOBHK LIYMOB, VYCTOMYMBOCTM K pafAUALMOHHbIM, TemnepaTypHbIM
M 31eKTPOMarHUTHbIM BO34eNCTBUSAM NpUGOpbl BaKYYMHOM 3MWUCCUOHHOM 3N1EKTPOHUKUA MOryT
NpeBOCXOAUTb TBepAoTesbHble ¢GYHKLMOHAJbHble aHasorn. OnpegeneHbl akTyajbHble (GU3MKO-
TexHoJiornyeckne npo6semMbl BaKyyMHOW MWKPO3/IeKTPOHUKWN. [lpeactaB/iieHbl COBpPEMEHHble
paspaboTku, peanusyembie Ha Kadeape PpaAMOTEXHUYECKOW D3SJIEKTPOHUKUM U B  LEeHTpe
MUKPOTEXHONIOTMU U AuarHoctukm CM6r3TY “"JI3TU", B TOM 4uc/ie aBTO3SMUCCMOHHbIE KaTOAbl
Ha OCHOBe Kapbuga KpeMHUs U anmasa, amna 6eryuien Bo/IHbI MWIJIMMETPOBOIro AvanasoHa Anis
5G cuctem 6ecnpoBOfHON CBA3U U KIMCTPOH MWUJIMMETPOBOIo AuanasoHa. PaccMoTpeHbl obnacty,
B KOTOpPbIX MOXeT 6bITb BOCTpe60oBaHa BaKyyMHasi MUKPO3JIeKTPOHUKaA.
The developments in the millimeter wavelengths and the terahertz frequency range,
as well as the need to ensure high values of the most important quality factor of wireless
communication systems, radar and radio electronic countermeasures - product of
output power, operating frequency and frequency band - have become a stimulus for the
development of vacuum microelectronics. The use of basic and modified processes of micro-
and nanotechnology and of infrastructure of integrated production of solid-state electronics
and microsystem equipment create prerequisites for the evolution of vacuum electronics into
the micro- and nanoscale region. The paper notes that in terms of a complex of parameters,
including speed, quality factor, limiting operating frequency, noise level, resistance to
radiation, temperature and electromagnetic influences, vacuum electronics devices can
exceed solid-state functional analogues. The actual physical and technological problems of
vacuum microelectronics are determined. At the Department of Radio Electronics and at
the Center for Microtechnology and Diagnostics of ETU "LETI", modern developments are
being realized, including field emission cathodes based on silicon carbide and diamond, a
millimeter range traveling-wave tube for 5G wireless communication systems and millimeter-
wave klystrons. Also, the paper considers areas in which vacuum microelectronics may be in
demand.
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e 6osee 10 jIeT IIPOIIJIO C MOMEHTA IIPUHSITHUS
"CTpaTreruu pa3BUTHS JTeKTPOHHOM ITPOMBIII-
JTeHHOCTH Poccuu Ha mepuon mo 2025 roma',

B KOTOPBIH OTMedanach HeobxomuMocTsh: "obecreye-
HU S Pa3BUTHUS Te€X HAIIPABIEHUH 31eKTPOHHOM MIPO-
MBIIIJIEHHOCTH, B KOTOPBIX KUMEIOTCS OTeUeCTBeHHBIe
Hay4HO-TeXHHYeCKHe pellleHUs U NPOAYKIIMS, Olpe-
Jessiiolllie MUPOBOM YPOBeHb, B YaCTHOCTH BaKy-
yMmHasi CBU-371eKTpoHHKA". BHepeHHe MaTepHaJoB
H IIPOLIeCCOB MUKPO- U HAHOTEXHOJIIOTHH B BAKyyM-
HYIO HHAYCTPHUIO U BO3MOXHOCTb KOMIIIEKCHPOBa-
HUS TBepIOTEeJIbHBIX U BAaKYYMHBIX MUKpoIpubo-
POB I103BOJISIET IPOTHO3KMPOBATh CO3IaHHE QYHKIIHO-
HaJIPHO MHTEIPUPOBAHHBIX U3/Ie/IN HOBOIO IIOKOJIe-
HUS C paHee HeJJOCTH>XKMMBIMH 3HEPro4acTOTHBIMH
IapaMeTpaMH U yCIOBUSIMHU 3KCIIIyaTallUuH.

B 0CHOBY BaKyyMHOM 3JeKTPOHHKM I0JIO-
>KeHa TepMmosmuccuoHHas (T.A.9nucoH - 1883 rog,
O.Y.Puuapncon - 1901 rog) [1] ¥ aBTOIMHUCCHOH-
Has (10.2.lunuendensn - 1922 rox, P.daynep
u JI.HopaxeiiM - 1929 ron) [2] cmocobHOCTH MaTe-
PpHAJIOB SMHUTHPOBATh B BAKYyM HOCHTEIH 3apsia,
B YAaCTHOCTH, 3JIeKTPOHBI. [leTepbyprckas mKosaa
BAaKyyMHOH 3JIEKTPOTeXHHUKHU M 31eKTPOHUKU
[3] Hauana pa3BUBATHCA C KOHLA 19 B. B CTeHaX
3JIeKTPOTeXHHUYeCKoro MHCTUTYTa (3TH, JISTH,
HbIHe - CII6IOTY "JI3TH") B paMKax KoOIlepaluu
€ 3aBozioM "AriBa3", BEIIIYCKABIIKM C 1913 roma snex-
TPUUeCKHe JIAMIIBl HaKaJUBaHUS [10J TOPrOBOM

Mapxoi "CBeTnaHa’. B 1928 romy st IPOU3BOACTBA
IIPHEeMHO-YCHUJIUTEIbHBIX U [eHePATOPHBIX TaMII
Ha 6a3e "AmiBa3za" 6blI CO31aH DIeKTPOBAKYYMHBIN
3aBof (9B3) "CBernaHa". [Ipro6peTeHHBIN OIBIT pa3-
paboTKM U IPOM3BOACTBA BaKYYMHBIX 3JT€KTPOH-
HBIX Ipu60poB C.A.BeKIIMHCKUM, TTITaBHBIN HHXKe-
Hep 9B3 "CBeTnaHa", HCIONb30BajI IIPU OpraHMU3a-
uuu B 1943 rony HHUH a71eKTpoBaKyyMHON TeXHHUKH
(gpIHe - AO "HIIII "HUcTtok" uM. lllokuHa) (4], mesTens-
HOCTB KOTOPOTO OITpefie/TH/Ia Pa3BUTHe Psiia 0 HACTO-
SIero BpeMeHH BOCTPeb6OBaHHBIX, aKTyaabHBIX
U GaKTHUYECKU He UMeIOLIMX aHAJI0TOB IIPOMBIIILIEH-
HBIX IPU60POB A1l reHepaliu CBU-U31y4deHUS.

Jlo CHX ITOp POCCHHCKas BAKyYMHasl 37IeKTPOHHKA
IO psilly HAIIPaBJIeHU, B IIePBYIO0 Ouepe/b CBSI3aH-
HBIX C TeHepaljHel MOIIHOIO 3JIeKTPOMarHUTHOTO
H3/lydeHHs, JeP>KUTCS Ha YPOBHE JIYUITHX MHUPOBBIX
OoCTH>XXeHHH. COBpeMeHHOM TeHJeHIHel BaKyyM-
HOT'0 3JIeKTPOHHOI0 IIPUOOPOCTPOEHHU S SIB/ISIETCS pea-
JTH3aLUsI KOHCTPYKTOPCKO-TEXHOJIOTMUECKHUX pelle-
HUH Ha OCHOBe aIalITHPOBAaHHBIX MHKPO- K HAHOTEeX-
HOJIOTH I TBEePJOTeTbHOM 37IeKTPOHUKH U MUKPOCH-
CTeMHOH TeXHUKHU. Co3/laHHe KOMIIAKTHBIX MUHHA-
TIOPHBIX IPH60POB BAKYyMHOM 3/IeKTPOHUKHU OITpesie-
nuno0 opMHUPOBAHME HOBOTO HAIlpaBAeHUS —~ HUHTEI-
PJIBHOM BAKYYMHOM MHUKPO- U HAHO3JIeKTPOHHUKH,
a B II0CJIeIHee BpeMsl — M TaK Ha3bIBaeMBbIX "BaKy-
YMHBIX HaHOJAMII', TO eCTh GaKTHUYECKH II0JIe-
BBIX TPAH3HUCTOPOB C 6AIUCTUYECKHUM II€PEHOCOM

lready more than 10 years

have passed since the adop-

tion of the "Strategy for the
development of the electronic
industry of Russia for the period
until 2025", which noted the need
"to ensure the development of those
areas of the electronic industry, in
which there are domestic scientific
and technological solutions and
products that set the world level,
in particular of vacuum micro-
wave electronics". The introduc-
tion of materials and processes of
micro- and nanotechnology in the
vacuum industry and the possibil-
ity of integrating solid and vacuum
micro devices allows us to predict
the creation of functionally inte-
grated products of a new genera-
tion with previously unattainable

energy-frequency parameters and
operating conditions.

Vacuum electronics is based on
thermionic emission (Edison in
1883, Richardson in 1901) [1] and
field emission (Lilienfeld in 1922,
Fowler and Nordheim in 1929 ) [2] -
abilities of materials to emit carri-
ers in vacuum, in particular, elec-
trons. The St. Petersburg school of
vacuum electrical engineering and
electronics [3] began to develop from
the end of the XIX century in the
walls of the Electrotechnical insti-
tute (ETI, LETI, now - ETU "LETI") in
cooperation with the Aivaz factory,
which since 1913 produced incandes-
cent light bulbs under the Svetlana
trade mark. In 1928, Electrovacuum
Plant Svetlana was created on the
basis of Aivaz for the production of

receiver-amplifier and generator
lamps. S.A. Vekshinsky, the chief
engineer of the Svetlana, used the
experience gained in the develop-
ment and production of vacuum
electronic devices in organizing the
Research Institute of Electro-Vacuum
Equipment in 1943 (now - Istok RPC
named after Shokin) [4], whose
activities determined the develop-
ment of a number of up to the pres-
ent time demanded, relevant and in
fact unique industrial devices for the
generation of microwave radiation.
Until now, Russian vacuum elec-
tronics in a number of areas, primar-
ily associated with the generation
of powerful electromagnetic radia-
tion, is at the level of the best world
achievements. The current trend of
vacuum electronic instrumentation
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HOCHTeJIeH B HaHOpa3MepHoOM (0KoJio 100 HM) Baky-
YyMHOM KaHale.

Hapsany c mpencraB/ieHHeM COBpeMeHHBIX pa3pa-
60TOK B 0671aCTH BaKyyMHOM 3JIEKTPOHUKH, peasiu-
3yeMBIX Ha KadeZpe pafHOTeXHHUYeCKOH 3/IeKTPO-
HUKU (PTI) u B LHeHTPe MUKPOTEeXHOJIOTHH H JHaT-
HOCTHUKHU (I/IH)KI/IHI/IPI/IHFOBbel LeHTP OIMHKIO)
CII6TITY "JISTU", 1e/1bio LAHHOM CTATbU SABJISIETCS
paccMoTpeHHMe CIeAYIOUIUX BOIIPOCOB:
¢ KOHCTPYKTOPCKO-TeXHOJIOIHYecKoe obecriedeHuUe

co3maHus nNpubopoB C paHee HELOCTUKUMBIMH

mapaMeTpaMu;
* pOJIb MHUKPO- M HAHOpPa3MePHEIX aKTOPOB B 3BO-

JIIOLMY MUKPOMOIIHBIX BAKYYMHBIX IIPUOOPOB;
e BOCTPeOOBAHHOCTbh K KOHKYPEHTOCIIOCOOHOCTH

BaKYyMHOM 3/IeKTPOHUKH.

ON3NKO-TEXHO/IOrMYECKUE NMPOBJIEMbI
BAKYYMHOM IIEKTPOHNKM

XapakTepHu3yss COBPeMeHHOe COCTOSIHHE 3KCIIe-
PUMEeHTaIbHBIX Pa3paboTok B 061acTH BaKyyM-
HOM MHUKDO3JIEeKTPOHHUKHU, C/IeflyeT OTMETUTh, YTO
10 KOMIIJIEKCY [TapaMeTpoB, B TOM 4ucJe, 6hICTPO-
JNeHCTBHUIO, KPUTEPHUIO KauyecTBa (IPOM3BeeHHUI0
BBIXOJHOM MOLIHOCTH Ha pabouyio YacTOTY U I10/I0CY
9acToT), IMpefelbHOM paboyel 4acToTe, YPOBHIO
IIYyMOB, YCTOMYHUBOCTH K PaJJUAallMOHHBIM, TeMIIe-
PaTypHBIM U 3JIeKTPOMarHUTHBIM BO3JE@UCTBUAM,
npubopel BAKYYMHOM SMHUCCHOHHOM 3JIeKTPOHUKH
JLOJI>KHBL IIPEBOCXOAUTh TBePAOTE/NbHbIE QYHKIIHO-
HaJ/IbHBIe aHAJIOTH. OmpenenuM psaj, aKTyalIbHBIX
$HU3KMKO-TeXHOJOIHYeCKUX NpobaeM.

Obecrnieuenue 39 GeKTHBHOCTH U CTAaOUIBHOCTH
KaToJl0B, HECMOTPS Ha UX pa3Hoobpasue (AucCIeH-
cepHBIN, 6GapueBBIN, CKAHJATHBIN, BOJIbOpaMo-
BBIM, JIETHPOBAHHBIM OKKUCBIO CKAaHAHS, YIIEPOA-
HBIN), TpebyeT NpoBeJeHHUs UCCIeN0BAHUM B ob1a-
CTH MaTepHaJIOB, KOHCTPYKI KUK K GU3UKHU IMUCCHH.

[loTepu B 3aMe[ISOIIeN CUCTeMe IIPH TpaH-
CIIOPTHPOBKe 3/IeKTPOHHBIX IIY4YKOB OIpefessiioT
IIPUOPUTETHOCTD obecredeHus: TpebyemMoro acrex-
THOTO OTHOIIEHHUS 3aMeJ/ISIOIUX CTPYKTyp (meT-
JISIIOIIKI, BCTPeUHO-IITHIPeBOM BOTHOBOABL) U, 0CO-
OeHHO, KauecTBa UX IIOBEPXHOCTHU (LIIEPOXOBATOCTH
He xyxe 30-50 HM). CleyeT OTMeTHTb, UTO IIpHU
Iepexofie K IPUMeHEeHHUIO 3aMeISIIHUX CTPyK-
Typ MaJIoN AAHHEL (IOPSiAKA 2 CM) C IIOBHIIIEHHEM
YacTOTH TeHepPalluu Pe3Ko BO3pacTaroT Tpebora-
HHA K YBeJIMYeHHUIO IIJIOTHOCTH TOKa IIPH IOBBIIIe-
HUU SIPKOCTH KaTOAOB U K CHCTeMaM GpOPMHPOBa-
HUS 9/IeKTPOHHOIO IIy4Ka, YUUTBIBas ero paccessHue
Ha [I0BePXHOCTH.

BHespeHMe HOBBIX MHKPOTeXHONIOTUM GOPMHPO-
BaHHS BOJTHOBOJOB C Pa3BUTOM I'eOMEeTPHEeH U HU3-
KOM IIepOXOBAaTOCTbHIO IIOBEPXHOCTH ba3upyercs
Ha 3aMeHe TPaJMIMOHHOM 3J1eKTPO3PO3HMOHHOM
(McKkpoBoOI) 06paboTKMU Ha INTyOHHHOE HOHHOE TPaB-
JeHHe MM TaK HasbiBaeMylo LICA-TexHOJIOTHIO,
OCHOBAaHHYI Ha JIUTOTpaQHUH II0 TOJCTOMY pe3H-
CTy C HUCIO/Jb30BAaHHEM CHHXPOHHOIO H3JIyde-
HHUSA C TIOC/IeyIOIIUM Ta/IbBAHHUYECKUM BbIPAIK-
BaHHEM B IOJTMMEPHOM MaTpPHIe 3aMeJIS0IIHX
CTPYKTYp. [ GOpMUPOBAaHUS Pa3BUTOro obbeM-
HOIO KaHaJla CJIOKHOHU reOMeTPHH C 3aMe/JIsIolen

it should be noted that for a set of

is the implementation of design and
technological solutions based on the
adapted micro- and nanotechnology
of solid-state electronics and micro-
system technology. The creation of
compact miniature vacuum elec-
tronics devices has determined the
formation of a new area - integrated
vacuum micro- and nanoelectron-
ics, and recently - so-called "vacuum
nano-lamps”, that is, actually field-
effect transistors with ballistic car-
rier transfer in a nanoscale (about
100 nm) vacuum channel.

Along with the presentation of
developments in the field of vac-
uum electronics implemented at the
Department of Radio Electronics and

at the Center for Microtechnology

and Diagnostics of ETU "LETI", the

purpose of this article is to consider
the following issues:

« design and technological support
for creating devices with previ-
ously unattainable parameters;

« role of micro- and nanoscale fac-
tors in the evolution of micro-
power vacuum devices;

« demand for vacuum microelec-
tronics and its competitiveness.

PHYSICAL AND TECHNOLOGICAL

PROBLEMS OF VACUUM ELECTRONICS
Characterizing the current state of
experimental developments in the
field of vacuum microelectronics,
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parameters, including speed, the
quality criterion (the product of out-
put power, operating frequency and
frequency band), the limiting oper-
ating frequency, noise level, resis-
tance to radiation, temperature and
electromagnetic influences, devices
of vacuum emission electronics
must exceed solid-state functional
analogues. Let's define a number of
actual physical and technological
problems.

Providing efficiency and stabil-
ity of cathodes, despite their diver-
sity (dispenser, barium, scandate,
tungsten, scandium-doped, car-
bon), requires research in the field of
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3D-CTPYyKTypO¥ BO3MOKHO IIPUMeHeHIe MeTofla Tep-
MHYeCKOT0 UJIM AaHOAHOIO CPalllMBaHU S ABYX IICeB-
JOIIIAHAPHBIX 3aTOTOBOK KaHaJla C UX IIPelu3H0H-
HBIM COBMEIIleHHEM.

Co3maHHe QOKYCHPYIOIMIUX CHCTeM C Heobxo-
OUMBIMU A4 3¢ OeKTUBHOIO 3JIeKTPOHHO-BOIHO-
BOTO B3aHMMOJeHCTBHUS BeITUYNHON U paclipefene-
HHUEeM MarHUTHOTO II0Js1 TpebyeT HCIIOIb30BAHUS
KOHCTPYKTHBHO-MaTepHaJoBefYeCKUX pelleHUH
C BBICOKMM YPOBHEM POKYCHPYIOIIEro MAarHUTHOIO
IOJIS IIPU MUHUMU3AIUHU ero 3Ha4YeHUs BHe obia-
CTH IIPOXOXKIEeHHs nyda. Ha JaHHOM CTaAUU JOMHU-
HUPYIOT IIPOLIeCCH YMC/IEHHOI0 aHaikM3a Ha OCHOBe
MOJeNTHUPOBaHM S HeTMHEHMHOI0 3JIeKTPOHHO-BOTHO-
BOT'O B3aMMOJEHCTBUS.

IIpu opMHUPpOBaHUM BaKyyMHOIO KaHaja I10oje-
BOr'O TPAH3HUCTOPa C BATTUCTUYECKUM [IePEHOCOM
Hapan4y C UCIOJAb30BaHHEM OCTPOCHOKYCHPOBAH-
HOI'0 MOHHOTO IIy4YKa (FIB-TexHOJIOTUHU) O CcBep-
XJIOKAJIBHOIO yOajleHHUsd U MOHHO-CTUMY/IMPOBaH-
HOTO OCa’KAeHH S MaTepHaJla, BO3SMOXKHA TeXHOJIOLHU-
yecKas peanu3alius, OCHOBaHHAs Ha TakK Ha3blBae-
MOM "5KepTBEHHOM" CJI0e, KOTOPas UIMPOKO HCIIONb-
3yeTcs IPU CO3AAHUHU 06BEKTOB MUKPOCUCTEMHOL
TeXHUKH.

OYHKIIMOHUPOBAHKHE MHUHHUATIOPHOTO YCTPOM-
CTBa C COBOKYITHOCTBHIO PYHKIIMOHAIBHBIX 3D reome-
TPHUYECKH Pa3BUTHIX SMHUCCHOHHOM, TPAaHCIIOPTHOM
U KOJIJIEKTOPHOM IIOACUCTEM TpebyeT NOCTHUKeHHUS
U IJIMTeJIbHOTO COXPaHeHHU S JOCTATOYHO BBICOKOIO
YPOBHS BaKyyMa. B ycj10BUAX HalU4K s BaKyyMHBIX
MUHKPO- U HAHOKAHAaJ/IOB, TO eCTh BAKYYMHUPOBaHHU

reTeporeHHbIX 3D-06eKTOB CBepXMalblX pa3Me-
poB, HapsaAy C TPaAHMLUOHHBIMU IpobireMaMu
OTKauK{ MMeeT MeCTO OTPaHHMUYeHHe Ha HCIONb-
30BaHHe pacCHblIsieMbIX reTTepoB. CHHKeHHe Tpe-
60BaHHUM K yPOBHIO BaKyyMa B MUKPO- U HaHOpa3-
MepPHBIX SMUCCHOHHBIX IIpH6Opax IPOrHO3UPYeTCs
IPU YMeHbIIEHUU XapaKTePUCTUYECKHUX Pa3MepoB
110 yPOBHSI IeCITKOB HAHOMETPOB.

NEPCNEKTUBHDIE PA3PABOTKUW CNIBIATY “1IDTU"
ABTO3MUCCUOHHDI@ KAaTOAbI HA OCHOBE KaPGMAa KpemHuUsa
1 ajiMasa

MaTpuYHBle aBTOSMHUCCHOHHBIE KaTOABl Ha OCHOBe
Kapbuma KpeMHUS PacCMaTPUBAOTCS KaK IIepCIIeK-
THBHBIe HCTOYHUKH 3JIeKTPOHOB /ISl BAKYYMHBIX
MHKPO371eKTPOHHBIX pubopos. HecMoTps Ha To,
4TO Kapbua KpeMHUS ob71aaeT psioOM CyIlecTBeH-
HBIX JJOCTOMHCTB I10 CPAaBHEHHUIO C TPAJUIMOHHBIMHU
MaTepHaJaMH aBTOKATOROB, pa3paboTKOM ero Tex-
HOJIOTUH 3aHMMAIOTCS BCero HeCKOJbKo saboparo-
PHH B psifie BeAyIUX CTPaH.

B cTatbe [5] mpencTaBieHbl pe3yabTaThl GOPMHUPO-
BaHHS MaTpHUILbl HAHOPA3MEPHBIX OCTPHEB C YMEHb-
IIeHHBIM pa3bpocoM UX BBICOT. Pe3ynbTaThl H3Mepe-
HHU II0KAa3bIBAIOT, YTO IIPH BBICOKOM HAIIPSIKEHHO-
CTH 371eKTPHUYECKOro I0JIsI HEOLHOPOLHOCTD BBICOT
OCTPHEB SIBISIeTCSI KII0YeBBIM PaKTOPOM HeCTabuIb-
HOCTH TOKa.

OOHHUM U3 IIyTeH NpeofoleHHs YKa3aHHOU Hec-
TabHJIBHOCTH SBJISIETCS. UCIIOIb30BAHHE aIMa3HBIX
IIJIEHOK, ITOCKOJIBKY a/IMa3 IPHU3HAH OAHUM U3 Iy4-
IIMX MaTepHaJIoB s MONyUYeHHS aBTOIMUCCHH.

materials, structures and emission
physics.

Losses in the retarding system
during the transportation of elec-
tron beams determine the priority of
providing the required aspect ratio
of the retarding structures (loop-
ing, counter-pin waveguides) and,
especially, the quality of their sur-
faces (roughness not worse than
30-50 nm). It should be noted that
in the transition to the use of retard-
ing structures of small length (of the
order of 2 cm) with increasing gen-
eration frequency, the requirements
to an increase in the current den-
sity with increasing cathode bright-
ness and to electron beam formation

systems, taking into account its
scattering on the surface, sharply
increase.

The introduction of new micro-
technologies for the formation of
waveguides with a developed geom-
etry and low surface roughness is
based on replacing the traditional
spark erosion treatment with deep
ion etching or the so-called LICA
technology based on thick-resist
lithography using synchronous radi-
ation followed by galvanic growth
of retarding structures in a polymer
matrix. To form a developed volu-
metric channel of complex geometry
with a slowing 3D structure, it is pos-
sible to use the method of thermal or

anodic splicing of two pseudo-pla-
nar channel parts with their precise
alignment.

The creation of focusing systems
with the magnitude and distribu-
tion of the magnetic field necessary
for effective electron-wave interac-
tion requires the design and mate-
rials science solutions with a high
level of the focusing magnetic field,
while minimizing its value outside
the region where the beam passes. At
this stage, the processes of numeri-
cal analysis dominate on the basis of
modeling of nonlinear electron-wave
interaction.

When a vacuum channel of a
field effect transistor with ballistic
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Puc.1. Caesa - 6H-SIC maccug nbedecmanos ¢ HAHOPAa3MepHbl-
Mu ocmpusmu. Pazmepbl omoeabH020 ocmpus: paduyc eepuiu-
Hbl = 30 HM, 8bicOMAd — 2 MKM, duamemp 0CHO8aAHUS = 0,3 MKM.
Cnpasa npedcmasneH mom >ke Maccue Nbedecmanos, NOKpbi-
Meil HAHOKPUCMAAAUYECKOU aAMAa3HoU MOoHKOU nAeHKoU mon-
wuHot okono 0,5 mkm

Fig.1. On left is 6H-SIC array of pedestals with nano-sized tips.
Dimensions of single tip: radius of peak is 30 nm, height is 2 ym,
diameter of base is 0.3 pm. On right is presented same array of
pedestals covered with nanocrystalline diamond thin film with
thickness of about 0.5 pm

Cepbe3HOM TeXHOJIOTHUeCKOM IIpobaeMort pU IpH-
MeHeHHHU aJiMa3a sSBseTCs CO3[aHMHe OCTPHEB
C BBICOKHMM aCIeKTHBIM paKTOPOM. PelIUTh ee [103BO-
NseT HAaHeCeHHe HaHOKPHUCTA/I/IM4YeCKON HeJleTrupo-
BAHHOM TOHKOM IIeHKH (0,5 MKM) Ha MaTPUUYHBIA
aBTOSMHUCCHOHHBIM KaToJ, M3 Kapbuaa KpeMHHUS.
IIneHKa "CIIa’kMBaeT BUPTYa/IbHYIO SMUTHPYIOIIYIO
IIOBEPXHOCTb, COeHMHSIONIYI0 OCTPHUS, yMeHbIIaeT
pa36poc BBICOT U IOBhIIIAeT CTaOMIBHOCTD TOKA.

Ha puc.1l npeacraBieH MaTPUYHBIN aBTOIMUCCH-
OHHBIM KaTof, CPOPMHPOBAHHBIN Ha MOHOKPHCTA-
Iu4YecKoM macThuHe 6H-SiC IBYX3TAaIlHBIM peak-
TUBHBIM HOHHBIM TpaBJeHHEM BO QTOpCOAepsKa-
men atmocdepe. Ha mepBom 3Tamne GopMUpoBaIach
peryaspHasi CTPyKTypa IIbe/ecTajoB, Ha BTOPOM
3Talle - HAHOpPa3MepHble OCTPHS.

[TonydyeHHBIe aBTOKATOMABl OBIIM pa3MelleHbl
B 3KCIIePHMEHTAJIbHbBIX JHOJAaX C MeXK3JIeKTPOLHBIM
3a30poM 40 MKM. [JHOJBI IPOLIIM IIPeABaPUTE/Ib"
HBIN TporpeB npu 200 °C B TeueHHe 50 MUH U 6bLTH
BaKYyMHPOBaHBI 0 OCTAaTOYHOIO AaBjleHus 7,5 -107°
I1a. HccimemoBaHKe TOKOBBIX XapaKTePUCTUK IIPOBO-
JHJIOCH B TeueHMe 48 4 IIPY aHOLHOM HaIlPS>KeHHH
3,75 kB. Ha puc.2 moka3aHBI 3KCIIepUMEeHTAa/IbHbIe
rpa¢uKky M3MeHeHHM s IJIOTHOCTH TOKa OT BpeMeHH
IJ1s IByX AUOJOB. B nuome c aBTOoKaTomoM 6e3 anmas-
HOH IIJIEHKH B TedeHHe IIepPBbIX 4 4acoB IIJIOTHOCTh
TOKa BRIpOCJa Ha 19%, ofHAKO K KOHIY IIepHoja
Hab/loeHU I OHa CHU3HUJ/IACh Ha 23% 110 OTHOLIEHHIO
K HCXOJHOM BeJIHYHHEe. B IHoe C aIMa3HOM IIJIeH-
KOM Koneb6aHUs IVIOTHOCTH TOKa He ITPeBhIIIaNH 5%
B TeYeHHe BCero SKCIIepruMeHTa.

Taxum ob6pasom, Oblj1a SKCIIEPUMEHTAJIBHO IIPO-
IeMOHCTPUPOBaHa aBTO3MMCCHS C IIOBePXHOCTH
HaHOKPHCTATAHN4YeCKON HeJeTHPOBAHHON TOHKOU
IIJIEHKU Ha MaTPUYHOM KaTofe U3 Kapbuaa Kpem-
Husi. PopMHpoBaHUEe KOMOMHUPOBAHHOMN CTPYK-
Typbl CTAabUIU3UPOBATIO SMUCCHOHHBIE CBOMCTBA
61aromaps o6pa3oBaHHIO XUMHUYECKH HHEPTHOM
SMUTHUPYIOIIEN II0BePXHOCTH, CBOOOIHON OT HeCTa-
OMIPHBIX COPOHMPOBAHHBIX 3aTPSI3HEHUH.

transfer is formed, along with the
use of a focused ion beam (FIB) for
ultra-local removal and ion-stimu-
lated deposition of a material, a tech-
nological realization based on the so-
called "sacrificial” layer, which is
widely used in the creation of micro-
system objects, is possible.
Functioning of a miniature device
with a set of functional 3D geometri-
cally developed emission, transport
and collector subsystems requires
the achievement and long-term pres-
ervation of a sufficiently high level
of vacuum. In the presence of vac-
uum micro- and nanocannels, that
is, evacuation of heterogeneous 3D
objects of extremely small sizes,

along with the traditional pumping
problems, there is a restriction on
the use of sprayed getters. Reducing
the requirements for the level of vac-
uum in micro- and nanoscale emis-
sion devices is predicted when the
characteristic dimensions decrease
to the level of tens of nanometers.

PERSPECTIVE DEVELOPMENTS

OF ETU "LETI"

Autoemission cathodes based on silicon
carbide and diamond

Matrix field emission cathodes
based on silicon carbide are consid-
ered as promising sources of elec-
trons for vacuum microelectronic
devices. Despite the fact that silicon
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carbide have a number of significant
advantages in comparison with tra-
ditional materials of auto-cathodes,
only a few laboratories in several
leading countries are developing its
technology.

The paper [5] presents the results
of the formation of a matrix of
nanoscale points with a reduced
scatter of their heights. The results
of the measurements show that,
at high electric field strengths the
inhomogeneity of the tip heightsisa
key factor of current instability.

One way to overcome this instabil-
ity is the use of diamond films, since
the diamond is recognized as one
of the best materials for obtaining



NANOTECHNOLOGY

70
* ,\\\
50
SiC
40
30 -
SiC-anmas
20 SiC—diamond
10
0 T T 1
0 20 40 60
t,ulh

Puc.2. SxcnepumeHmanbHble 2paduku U3MeHeHUs NAomHocmu
moka om epemeHu 845 d8yx asmokamodos: GH-SiC (cnaowHas
AUHUS) U 6H-SIC c anmazHol naeHKol (NyHKMUpPHAs AUHUS)
Fig.2. Experimental graphs of current density versus time for two
autoemission cathodes: 6H-SiC (solid line) and 6H-SiC with dia-
mond film (dashed line)

Jlamna 6eryuiei BOJHbI MUAIMMETPOBOTO AUANa30Ha
AN 5G cuctem 6ecnpoBoHON CBA3MN

B cTatbe [6] mpeAcTaBIeHBI pe3yJIbTaThl IPOEKTH-
POBAHUS OTAEIbHBIX Y3/I0B JIAMIIBI 6eryIiel BOJTHbI
(JIBB) W-guamna3oHa c paboyel mosocos 4acToT
2 ITH, yCKOPAIOIUM HalpskeHHeM 6 KB, ko3¢ du-
LIHeHTOM YCHJIeHH 25 1B u BBIXOJHOM MOIITHOCTbBIO
B UMOYyabce 6 BT. IIpoeKTUPOBaHME MIPOBEOEHO

Puc.3. 3amednsiowias cucmema muna "nemasiiousuti 604H0800"
Fig.3. Retarding system of "looping waveguide" type

C y4€TOM BO3MOKHOCTH HCIIOJb30BaAHU S IOYYeH-
HBIX Pe3y/JbTaTOB Ha Oojee BBICOKMX HACTOTaX,
B YaCTHOCTH, NIPHUMEHSJICS IEHTOUHBIH 31eKTPOH-
HBIH IIYYOK U 3aMejisiomast cucteMa (3C) B popme
HeT/S0Lero BoJHoBozAa (prc.3). [TonydyeHbl OCHOB-
Hble ITapaMeTphbl KOHQUTYypaL KK y3/108B JIEB.
O6mas anuna 3C coctaBuiaa 28 mm (40 mepuo-
noB). PasMep IMIKMPOKOM CTEeHKH BOJIHOBOZA COCTaB-
nsteT 2,2 MM, y3KOH CTeHKH - 0,1 MM. Pasmepsl
(Il x B) mpoyseTHOro KaHana - 1,2x0,1 MM.
MrHoBeHHas IIHPHHA MOJOCH YCHIMBaeMBIX
YacTOT, OIlpede/IeHHAs I10 ypoBHIO -1 Ab, m1g Bcex
3Ha4YeHHH YCKOPAMOIero HaOpsS>KeHUS MPpeBbl-
cuna 3 I'Tu. M3sMeHeHHe YCKOPAIOIIEI0 HaMpsKe-
HHUS Ha +0,2 KB obecrmeuunBano nepecTpouKky LeH-
TpPaJIbHOM YacTOTHl B Ipefenax oT 92 go 102 I'T1g

auto emission. A serious techno-
logical problem with the use of dia-
mond is the creation of points with a
high aspect factor. It can be solved by
applying a nanocrystalline undoped
thin film (0.5 pm) to a matrix auto-
emission cathode of silicon carbide.
The film "smoothes out" the virtual
emitting surface that connects the
points, reduces the spread of heights
and increases the stability of the
current.

Fig.1 shows a matrix auto-emis-
sion cathode formed on a single crys-
tal 6H-SiC wafer by two-stage reac-
tive ion etching in a fluorine-con-
taining atmosphere. At the first
stage, a regular structure of the

pedestals was formed, at the second
stage - a nanoscale tips.

The obtained autoemission cath-
odes were placed in experimental
diodes with an interelectrode gap of
40 pm. The diodes were preheated
at 200°C for 50 minutes, and were
evacuated to a residual pressure of
7.5 -10°8 Pa. The current characteris-
tics were studied for 48 hours at an
anode voltage of 3.75 kV. Fig.2 shows
the experimental plots of current
density versus time for two diodes. In
a diode with an autoemission cath-
ode without a diamond film, during
the first 4 hours, the current density
increased by 19%, but by the end of the
observation period it decreased by 23%

relative to the initial value. In a diode
with a diamond film, the current
density fluctuations did not exceed 5%
during the entire experiment.

Thus, an autoemission from the
surface of a nanocrystalline undoped
thin film on a silicon carbide cathode
was experimentally demonstrated.
The formation of the combined struc-
ture stabilized the emission proper-
ties due to the formation of a chem-
ically inert emitting surface, free
from unstable sorbed contaminants.

Millimeter rage traveling-wave tube

for 5G wireless communication systems
The paper [6] presents the results of
designing certain components of
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Puc.4. Modenb kKaucmpoHa
Fig.4. Model of klystron

IIPU COXPaHeHUU K03 HUILIMeHTa yCHUIeHUs Dolee
25 nb.

J7eKTPOHHAs IyIIKa IPOeKTHPOBaiack Ha baze
TepPMOSMHUCCHOHHOIO MMIPEerHHUPOBAHHOTIO
KaTo/a C JONYCTHMOM IIJIOTHOCTBIO ToKa 20 A/cM?.
Ko3pdULHeHT TMHEeMHOU KOMIIPeCCHH JIy4da COCTa-
BUJ 2,5. B KauecTBe NPOTOTHIIA UCIIOb30BaNaCh
nymka Mrosiepa. PaccMaTpyBalach BOSMOXKHOCTD
HCII0Nb30BAHUS B Ipubope aBTOSMHUCCHOHHOTO
KaToJa Ha OCHOBe Kapbuaa KpeMHHUS C IIpeie/IbHOM
IJIOTHOCTBIO TOKA 10 10 A/cm?,

MarHuTHas CUCTeMa HOPOeKTHPOBanach
Ha OCHOBE OJlHOIIepPUOJHON KOHOUI'YPALIUH U3 IIPS-
MOYTOJIPHBIX I10 CeYeHHUI0 CTep>KHEeH IOCTOSIHHBIX
AKCHAJIbHO HAMAaTrHHYeHHBIX MAarHuToB B SmCo

Puc.5. DnexmpoHHbIl Ny4oK 8 06Aacmu 8bIX00H020 pe30HAMO-
pa e ycmaHosusLwemcs pexxume
Fig.5. Electron beam in region of output cavity in steady state

c 3Hepruen 15 MIc3. 3a30p NOMIOCHBIX HaKOHeU-
HUHKOB cocTaBua 0,33 MM, UX TOJILMHA — 2,5 MM.
BBIZIO MOCTUTHYTO OCeBOe 3HaYeHHe MHIYKIHUU
By = 0,25 Tn. MarHMTHYIO CUCTEMY YOaJ10Ch BIIH-
caTh B 06eM 30 x15x11 MM.

KnMCTpOH MWUINTUMETPOBOro AnUanasoHa

B cTaTbe [7] mpeacTaBIeHbl pe3y/bTAaThl IPOEKTHUPO-
BaHMS YCU/IMTE/IbHOIO KJIUCTPOHA W-IHamna3oHa ¢
BBIXOZHOM MOIIHOCTBIO B UMITyJbce 1 KBT, pabouert
nosnaocou 4actot 0,38 I'TL, yCKOPSIOIMIUM HaIpssKe-
HueM 10 kB 1 kKo3pdunmeHToM ycunenus 50 nb.
PaccMoTpeHBl IpobyseMbl BeIOOpa YCKOPSIIOIIEro
HaIpsiKeHUs1, GOPMBI 3IeKTPOHHOTIO IIy4ka, pabo-
yero BUZA KosebaHUM pe30HATOPOB.

W-band traveling wave tube with a
2 GHz working band, an accelerating
voltage of 6 kV, a gain of 25dB and an
output power of 6 watts. The design
was carried out taking into account
the possibility of using the results
obtained at higher frequencies, in
particular, a ribbon electron beam
and a retarding system in the form
of a looping waveguide was used
(Fig.3). Basic parameters of the TWT
node configuration are obtained.
The total length of the retard-
ing system was 28 mm (40 periods).
The width of the wide wall of the
waveguide is 2.2 mm, the narrow
wall is 0.1 mm in size. The dimen-
sions (WxH) of the transit canal are

1.2x0.1 mm. The instantaneous band-
width of the amplified frequencies,
determined at -1 dB, for all values
of the accelerating voltage exceeded
3 GHz. The change in the accelerating
voltage by +0.2 kV ensured the tuning
of the central frequency in the range
from 92 t0 102 GHz while maintaining
a gain of more than 25dB.

The electron gun was designed
on the basis of a thermionic impreg-
nated cathode with an allowable cur-
rent density of 20 A/cm?. The coeffi-
cient of linear compression of the
beam was 2.5. As a prototype, the
Mueller gun was used. The possi-
bility of using in the instrument of
an autoemission cathode based on

HAHO MHOYCTPHA Tom 11 Ne s (84) 2018

silicon carbide with a current den-
sity of up to 10 A/cm? was considered.

The magnetic system was
designed on the basis of a single-
period configuration of rectangular
cross-section bars of permanent axi-
ally magnetized magnets in SmCo
with an energy of 15 MGOe. The
polepiece gap was 0.33 mm, their
thickness was 2.5 mm. The axial
value of the induction B, = 0.25 T
was achieved. The magnetic sys-
tem was able to fit into a volume of
30x15x11 mm.

Millimeter-wave klystron
The results of designing a W-band
amplification klystron with an
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Puc.6. AMnaumydHas (caega) u amnaumydHo-4acmomHas (cnpaga) xapakmepucmuku KAUCMPOHA
Fig.6. Amplitude (left) and amplitude-frequency (right) klystron characteristics

Mogenp IpoeKTHPYyeMOro KJIKUCTPOHA ITI0Ka3aHa
Ha puc.4 (6e3 mymKU U KOJIeKTOpa). [1s peanusa-
LHH peskuMa I'PyNIHPOBKU 31eKTPOHOB HCIIONb-
3yeTcst 'CKUPTPOHHAs CHCTeMa HAaCTPOHMKU: Ilep-
BBIM pe30HATOp HacTpOoeH Ha HHUXHHUMN KpaH
I0/I0CEl PaboYMX YACTOT, MPOMeEKYTOUHBIE pPe3o-
HATOPBl - Ha YaCTOTHl BBIIIe pabodyMXx 4acToOT
KJIHUCTPOHA, BBIXOLHOE YCTPOHMCTBO — Ha LEHTP
nosocsl. CHCTeMa HAaCTPOMKHU pe3Ko HeCHMMe-
TPUUYHA OTHOCHUTEJIBHO LIeHTPa/IbHOM YaCTOTHI, HO
HTOTOBYIO YaCTOTHYIO XapaKTePHUCTHUKY BHIXOJHO

MOIIHOCTHY yAAeTCs BRIPOBHATH, IOBHIIIAS COIIPO-
THUBJIeHHE BXOLHOIO pe30HaTopa HUJIU IIepecTpau-
Basi BTOPOM pe30oHATOPp 6/MsKe K IIepBOMY B IIpefie-
JIaX I10JIOCHI.

J1s MomelUPOBaHUS IIpollecca B3aUMOJENCT-
BHU S 3JIEKTPOHOB C BEICOKOYACTOTHBIM 3JIeKTpOMar-
HUTHBIM I10J1eM OBIJI MCIIONIb30BAH METOM KPYII-
HBIX YacTHILl. Ha puc.5 moKasaHBl II0JOKEHUSI
KPYIHBIX YaCTHUI] B QUKCHUPOBAHHBIN MOMEHT Bpe-
MeHH B YCTAaHOBUBIIEMCS peskHuMe (BpeMsl CHUMYJIS-
Ouu - 15 Hc) Ha yacToTe 94,2 I'T1 B BLIXOAHOM YacTHU

output power of 1 kW, a working fre-
quency band of 0.38 CHz, an acceler-
ating voltage of 10 kv, and a gain of
50 dB are presented in [7]. The prob-
lems of choosing the accelerating
voltage, the shape of the electron
beam, and the working mode of res-
onator oscillations are considered.
The model of the projected klys-
tron is shown in Fig.4 (without gun
and collector). To implement the
grouping of electrons, a tuning sys-
tem is used: the first resonator is
tuned to the lower edge of the band
of operating frequencies, the inter-
mediate resonators - to frequencies
above the operating frequencies of
the klystron, the output device - to

the center of the band. The tuning
system is sharply asymmetrical rel-
ative to the center frequency, but
the final frequency characteristic
of the output power can be aligned
by increasing the resistance of the
input resonator or by tuning the
second resonator closer to the first
within the band.

To simulate the process of inter-
action of electrons with a high-fre-
quency electromagnetic field, the
large particle method was used. Fig.5
shows the positions of large particles
at a fixed time in a steady state (sim-
ulation time of 15 ns) at a frequency
of 94.2 GHz in the output part of
the klystron. The beam current was

0.7 A, the input power was 5mW, the
total number of particles was 46,485.
Amplitude and amplitude-fre-
quency characteristics of the klys-
tron, obtained as a result of the sim-
ulation, are shown in Fig.6. At a
working frequency of 94.2 CHz with
a beam current of 0.8 A, the output
power reached 1070 watts. The effi-
ciency at this point is 13%, and the
gain factor is 50 dB. The width of the
gain band at-3dB is 380 MHz, which
is somewhat less than the preset.
The design of the electrodynamic
and electron-optical systems of
the W-band amplification klystron
with an output power of 1 kW has
shown that the selected models
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knucTtpoHa. Tok my4yka coctaBui 0,7 A, BXogHas
MOIIIHOCTB — 5 MBT, ob1mee 4yucio yactull - 46485.

AMIONHUTYAHAsS MU aMIOJHUTYOHO-YaCTOTHAs
XapaKTepUCTUKU KJIHUCTPOHA, MOJyYeHHBIe
B pe3yjbTaTe MOAEIMPOBAHMS, ITIOKA3aHEI Ha PHC.6.
Ha pabouent yacTtoTe 94,2 I[T1 IpU TOKe Iyuka
0,8 A BRIXOAHASI MOLIHOCTDh gocTturaa 1070 Bt. KII/[
B 3TOM TOYKe COCTaBaseT 13%, a KO3OOUIIUEHT
ycunenus - 50 gb. IIMpuHA HOMOCH YCHIEHUS
1o ypoBHI0 -3 0B paBHa 380 MI'L[, 4TO HEeCKOJIBKO
MeHBIIe 3a/TaHHOM.

I[IpoekTHUPOBaHHE 3IeKTPOJHHAMUUYECKOU
M 371eKTPOHHO-ONTHYEeCKON CHCTeM YCHIHTeb"
HOTO KJIHCTpoHa W-IHana3oHa C BRIXOJHOM MOII-
HOCTBIO 1 KBT mmoKa3asno, 4To BEIOpaHHbBIE MOJENH
y3JI0B II03BOJISIIOT 06eCriedrUTh 3alaHHbIe ITapaMe-
TPHl 332 MCKIIOYEHHEM IIHPHUHBI IIOJOCH YCHUIH-
BaeMBIX YaCTOT. PacmupeHHe OTOCH MOXKET ObITH
JOCTUTHYTO 33 CYeT MCII0/Ib30BaHM A IMaCCUBHBIX
pe3oHaTopoB.

0 POJIU MUKPO- U HAHOPA3MEPHDIX ®AKTOPOB

B 3BOJIIOLLUU BAKYYMHbIX MUKPOMPUBOPOB

HoBele pyHKIIMOHATbHEIE BO3MOXKHOCTH IIpH60pOB

BaKyyMHOH 5MHUCCHOHHOM MHKPO- K HAHO3JIEKTPO-

HUKHU OTIIPeIe/IAI0TCA CIeAYIOMMMHU GaKTOPAMHM:

e cBepxMaJbIMHU BpeMeHaMHu (107°-107'% ¢) mpoTe-
KaHHSA IPOLeccoB (MUHUMAJbHBIE IJIHHBI IPO-
fera, CKOpOCTb PacIIpoCTPaHeHU s 3/IeKTPOMar-
HUTHOIO UMITyJIbca B BaKyyme - 2,9979-108 m/c);

* CBepXMaJILIMKU €MKOCTSIMH BBHAY MHKpPOpPa3-
MepOB KOHCTPYKTUBHBIX 3JIEME@HTOB M HHU3KOTO

3HaYeHUs OTHOCHUTEJIbHOM AU3JIeKTPUUYECKON
[IPOHHIIAeMOCTH BaKkyyma (g=1);

e BBICOKMMM HHAYKIHUSIMH MarHUTHBIX II0JEH
B YC/IOBHSIX CBEPXMaJIBIX pa3Mepos (ci1aboe mmpo-
sBleHUe 3dPeKTa cnajza MAarHUTHOIO IIOIY
OT paccTosiHUS - 0KoJ10 1/R°);

* CBEpPXBBICOKMMHU HAIPSKEHHOCTSMU 3TE€KTPHU-
yeckux nosed (6onee 108 B/cm), 4To 06ycioBIeHO
CBePXMaJBIMHU ME>XK3TeKTPOLHBIMH PacCTOSI-
HHUSIMU U HAHOPa3MePHOH JI0KAaJTbHON KPUBU3-
HOM KOHCTPYKTHBHBIX 3JIeMEHTOB, HallpUMep
KaToMOB;

* CBEPXBBICOKMMHU IJIOTHOCTIMHU ToKa (6oiee
108 A/cm?) 13-32 BO3MOKHOCTH HAHO- ¥ MHKPO-
JIOKAJIM3AIMHU SMUCCUOHHBIX ITPOLIECCOB;

e BBICOKMMH IIJIOTHOCTSIMHU 31eMeHTOB (boiee
108/MM?) BCIeACTBHE BO3MOKHOCTH UX peasiu-
3allMM Ha OCHOBe HMHTETrpaJIbHO-TPYIIIOBBIX
MHUKPO- U HAHOTeXHOJIOT U H.

Hapsigy c 3TUM HMeT MeCTO CleAylomue

BO3MOXKHOCTH:

e ylIydlleHHe IOKa3aTelasi MOLIHOCTb/06BeM,
yMeHbIIeHHe MacCOTabapUTHBIX XapaKTepu-
CTUK UCTOUHUKOB [IUTAHUSI, CHUKeHHE pabounx
HalpsKeHUH;

 moBbIIIeHHE 3 PEeKTUBHOCTH yIIPaBIeHUS IIPO-
LleCCAaMH TOKOIIPOXOXKAEHUS U YCUIeHUS CUTHA-
JIOB C TIOMOIIBIO MAaTHUTHBIX ITI0JIEH B YCIOBHSIX
KX JIOKA/JIHU3aIUU B CBEpPXMAJIBIX 06beMax;

e peanmu3alysg KOHCTPYKL UM, obecriedrBaIOMUX
GYHKIIMOHHUPOBAHHE MHUKPOIPUOOPOB C ITOHU-
SKEHHBIMHU TPe6OBaHUSIMU I10 I1y6HHe BaKyyMa;

of components allow to provide
the specified parameters with the
exception of the bandwidth of the
amplified frequencies. The expan-
sion of the band can be achieved by
using passive resonators.

ON ROLE OF MICRO- AND
NANOSCALE FACTORS IN
EVOLUTION OF VACUUM MICRO
DEVICES
The new functional capabilities
of vacuum emission micro- and
nanoelectronics devices are deter-
mined by the following factors:
 super-small time (10 - 10 sec)
of processes (the mini-
mum mean free path, the

propagation velocity of an elec-
tromagnetic pulse in a vacuum
of 2.9979 - 108 m/sec);
ultra-small capacity due to
micrometer sizes of structural
elements and low value of rel-
ative permittivity of vacuum
(e=1);

high inductions of magnetic
fields under conditions of
extremely small dimensions (a
weak manifestation of the effect
of the magnetic field decay from
distance - about 1/R6);

ultrahigh electric field strengths
(more than 108 V/cm) due to
extremely small inter-electrode
distances and nanoscale local
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curvature of structural ele-
ments, for example, cathodes;

« ultrahigh current densities
(more than 10% A/cm?) due to
the possibility of nano- and
micro-localization of emission
processes;

« high densities of elements
(more than 108/mm?) due to
the possibility of their imple-
mentation on the basis of
integrated group micro- and
nanotechnologies.

Along with this, there are the
following possibilities:

« improvement of the power/
volume index, reduction
of the mass-dimensional
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* 3pdeKTHBHOE HCIIOIB30BAHHUE UHTETPAJIBHO-
TPYIIIOBBIX MUKPOTEXHOJIOTUI TBEPAOTEIbHON
3IeKTPOHUKH U MHUKPOCHUCTEMHOHM TeXHHUKHU
IIPU CO3LAHUHU MHHHATIOPHBIX BAKYyMHBIX
npubopos;

¢ KOMIIJIEKCHPOBAHHE TBEpPIOTEJbHBIX U BaKy-
YMHBIX MUKPONIPpUOGOPOB B H3menUs C paHee
HEeJOCTUXHUMBMHU OYHKIIHOHATBHB MU
rapaMeTpaMHu.

[IporpecCuBHBIe KOHCTPYKTHBHO-T@XHOJOTH-
YyecKUe pelleHUs B 0671acTH pa3paboTKU 3MHUC-
CHOHHBIX CUCTEM I103BOJISIOT PEIIHUTh KOMIIJIIEKC
3a/a4 [0 CO3JaHUI0 HeTPAAUIMOHHON MHKPO-
Y HAHOTEeXHHKH HOBOTO ITOKOJIEHH S, UCIIOIb3YI0-
el Co3laHMe B MaJIBIX 00beMaxX JTOKaIbHBIX 30H
CBEPXBBICOKHUX TeMIIepaTyp, CO3JaHHE U JIOKAIb-
Hoe yZiepskaHHe IJIa3MBbl B CBepXMaJblXx o6beMax,
a TaKk>Xe CTUMYJISILIHIO CBePXJOKAJIHU30BaHHOTIO,
B TOM YHCJIe TOIIOJIOTUYeCKH YIIOPSILOUYeHHOrO,
PEHTIeHOBCKOIO U3/TyUeHHS.

BOCTPEBOBAHHOCTb

U KOHKYPEHTOCMOCOBHOCTb BAKYYMHOM
MUKPOSJIEKTPOHUKHN

CoBpeMeHHBIe TeHAEHIIUU U BO3MOKHBIE PBIHKH
IJiss BAKYYMHOM MHKPO3IEKTPOHUKHU OIpese-
JISIIOTCSI CIIPOCOM Ha MPUBGOPBI KOPOTKOBOJIHOBOK
YaCTH MUJIIMMETPOBOTO AHAIa30Ha C BEIXOAHOMN
MOIIIHOCTBIO B IeCSATKHU BaTT U 6osee. O6061meHHas
CTPYKTypa BO3MOXHBIX 06slacTel MpUMeHeHHUS
TakKUX HNPUOOPOB C y4eTOM 3HAUKUMOCTH 6a3o-
BBIX [IapaMeTpOB IpUBeAeHa B Tabnuie. TakuMm

obpasoM, BakyyMHasi MHUKPO3IeKTPOHHKa MOXKeT

6bITh BocTpeboBaHa B CIeAyIOMMX 06/1aCTAX:

* MHQOKOMMYHHKAILIMOHHBIE CUCTEMBI C paHee
HeJOCTUXHUMBIMHU YaCTOTAMHU U IpoHU3Beje-
HHUSIMU MOIIHOCTH Ha II0JI0CY HNPONYyCKaHHUS,
co3aHHe KOTOPBIX CTUMY/JIHPYeTCsl pa3BUTHEM
6ecnpoBOLHON MKUPOKOAUANIA30HHON BBICOKO-
CKOPOCTHOH CB$I3H IOKoseHUs 5G, Tpebylomen
IIOBBIIIEHU S paboyell YacTOTHI U, KaK C/Ie[ICTBHE,
yBe/lH4YeHHsI MOIIHOCTHU CUTHajIa u3-3a paKkTopa
BO3pACTaHMUS ero IoIIoLeHUs B aTMocdepe;

* MHPO-Te/lleKOMMYHHUKALIHOHHBIEe CHCTeMBI KOC-
MH4YeCcKoro 6a3upoBaHUS, Pa3BUTHE KOTO-
PBIX MOXKeT TpeboBaTh AUCKPETHOIO IIOBBILIE-
HUs pabodyelr 4acTOTH B OKHAX IIPO3PAvYHOCTHU
atmocdepsl (90, 220, 460, 670, 850, 1030 I'T1) Aas
WHTEerPallUMU C Ha3eMHBIMU 00BEeKTaMU CBSI3H,
yBeJIM4eHUsl CKOPOCTH Ilepelfadyu HHPopMa-
OUU U obecIledyeHU S ee NOMEXO3alHIleHHO-
CTH, a TaK>ke HCIIOJIb30BAHUS PeHTreHOBCKOI0
OUalla30Ha YacTOT M3-3a MUHMUMH3ALUU pak-
TOpa IIOTJIOIIeHMS U3/IyUeHHUs B KOCMHUYeCKOM
IIPOCTPAHCTBE;

* HABUTAIIMOHHBIE CUCTeMBI KOCMUYECKOIro 6a3u-
POBaHUS, KOTOpble TPeOYIOT MOBBIIIEHU ST MOIIL-
HOCTH U YacTOTHI paboThI CHCTEM PaJHOHABHUTA-
LIMH C LleJIbI0 JOCTUKeHU S 60ojlee BBICOKOTO pas-
pelIeHUsI, TOUHOCTH IIO3UILIMOHKPOBAHHUS, MaK-
CHMU3allUU 0XBaTa TePPUTOPUH, YBeIHUUEHUS
Ha/le>KHOCTH U J0Ir0OBEYHOCTH QYHKIMOHUPO-
BAaHUS B YCJIOBUSIX BHEIIHUX TeKTPOMATHUTHBIX
U pafHalMOHHBIX BO3/IeHCTBU;

DEMAND FOR VACUUM

characteristics of power supplies,
reduction of operating voltages;
 improving the efficiency of con-
trolling the current transmis-
sion and amplification of signals
by means of magnetic fields in
the conditions of their localiza-
tion in extremely small volumes;

« implementation of structures
that ensure the functioning
of micro devices with reduced
requirements for the depth of the
vacuum,

« effective use of integrated-group
microtechnologies of solid-state
electronics and microsystem
technology in the creation of
miniature vacuum devices;

« integration of solid and vacuum
micro devices into products with
previously unattainable func-
tional parameters.

Progressive design and tech-
nological solutions in the field of
development of emission systems
allow to solve a set of problems in
the development of non-traditional
micro- and nanotechnology of a
new generation using the creation
in small volumes of local zones of
ultrahigh temperatures, creation
and local confinement of plasma
in ultra-small volumes, as well
as stimulation of super-localized
(including topologically ordered)
X-ray radiation.

MICROELECTRONICS AND ITS
COMPETITIVENESS
Current trends and possible mar-
kets for vacuum microelectronics
are determined by the demand for
devices of the short-wave part of the
millimeter range with an output
power of tens of watts and more.
A generalized structure of possible
applications for such devices, tak-
ing into account the significance of
the basic parameters is given in the
table. Thus, vacuum microelectron-
ics can be in demand in the follow-
ing areas:
e communication systems
with previously unreachable
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3Hauumocmb 6a308biX NApamMempos NpUEOPO8 8aKYYMHOL 3AeKMPOHUKU A5 BOCMLXKEHUS UeAl 8 PA3AUYHbIX 06AACMSX NPUMEeHeHUS]

DKCcTpeMa/ibHble
napameTpbl Uspenus

Extreme parameters
of product

KpvTepui KavecTsa (MponsBeaeHue
BbIXOZHOM MOLLHOCTM Ha pPaBoYyHo HacToTy
1 NMOJIOCY YACTOT), He MeHee 5 KBT- L2

Significance of basic parameters of vacuum electronics devices to achieve goal in various fields of application

061acTU NPUMEHEeHUs
Field of application

d

tems
ion an

.

Radar. Electronic
countermeasures

ion sys
npoTuBogencTeme

Ha3eMHOW CBSI3U

t
ce communicat

navigation

3

Wireless terrestrial com-
munica

BecnpoBoaHble cMcTeMbl
KocMmuueckas cBsisb

W HaBUrauus
Papguonokauus.
PaauosnekTpoHHoe

Spa

JocmMmoTpoBasi TeXHUKa,

lly dangerous

.

nuclear and
gica

.

Inspection equipment,

product certification

cepTudKaLms NPOAYKLUM
Medical equipment

MeauuMHCKasa TeXHUKa
Cucrembl o6ecneyeHus
6e30nacHOCTU SAEepPHbIX
U TeXHOreHHO OnacHbIX
06DbeKToB

Systems for ensuring
safety of

technolo
facilities

Noise factor, up to 10 dB

Quiality factor (product of output power, * * * * * +
operating frequency and frequency band),

not less than 5 kW - GHz?

BbIx04Has MOLLHOCTb Ha eAVHULY 06bema,

6onee 5 BT/cm3

Output power per unit volume, more than * * * * * *
5W/cm?

Pabo4me yactoTbl, 40 1TI L,

Operating frequencies, up to 1THz * * * * i *
KoaddumumeHT wyma, 4o 10 16 + + + + + +

PaguaLmoHHas CTOMKOCTb, bonee
5-10"°HenTp./cm?

Radiation resistance, more than 5-10'
neutrons/cm?

I+
+
+

H+
I+
+

YcTonumBocTb K MW, 6onee 200 KB/cm
Resistance to EMP, more than 200 kV/cm

+—HenocpeacTeeHHoe BAMAHMe. / Direct influence.

*— OnocpeAoBaHHOe BAMaHWe (NapameTp He MepBOCTENEHHON 3HaYMmocTw). / Indirect influence (parameter not of primary importance).

frequencies and power and band-
width products, the creation
of which is stimulated by the
development of wireless broad-
band high-speed 5G communica-
tion, which requires an increase
in the operating frequency and,
as a result, an increase in sig-
nal power due to the factor of
increasing its absorption in the
atmosphere;

+ space-based communication sys-
tems, the development of which
may require a discrete increase
in the operating frequency in
the atmospheric transparency
windows (90, 220, 460, 670, 850,
1030 GHz) for integration with

terrestrial communication
objects, increase of the informa-
tion transfer rate and ensure its
noise immunity, as well as the
use of the X-ray frequency range
due to the minimization of the
radiation absorption factor in
outer space;

space-based navigation systems
that require increasing the power
and frequency of radio navigation
systems in order to achieve higher
resolution, positioning accuracy,
maximizing coverage of areas,
increasing reliability and dura-
bility of operation in conditions
of external electromagnetic and
radiation effects;
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« high-precision systems of radio-
electronic detection, guidance
and electronic countermeasures
with high energy-frequency
parameters, spatial and 3D res-
olution, resistance to external
electromagnetic influences;

 inspection equipment, oriented
to operate in the frequency range
of "terahertz slits" (300 CGHz -
3 THz), which provides remote
non-destructive tomographic
detection and multispectral iden-
tification of a wide range of explo-
sives and narcotic substances
while minimizing the negative
impact of the control and diag-
nostic procedure on the person;




NANOTECHNOLOGY

e BBICOKOTOYHBIE PaJHO3IeKTPOHHBIE CPeACTBa
obHapyskeHHUsI, HaBeJeHUS U PaJLHUO3IeKTPOH-
HOT'0 IIPOTUBOAENCTBUS C BBICOKMMH SHeproda-
CTOTHBIMH I1apaMeTPaMH, IPOCTPAHCTBEHHBIM
U 3D-paspelleHHeM, YCTOMYHBOCTBIO K BHEIIHUM
3/1IeKTPOMATHUTHBIM BO3J€HCTBUSM;

e TeXHHKA JJOCMOTPOBOI'0 AHTUTEPPOPHUCTUIECKOTO
Ha3HauyeHM s, OPUEHTUPOBAHHAS Ha 3KCIIY-
aTal M0 B YaCTOTHOM JHala3oHe "Tepareplo-
Bole meau" (300 [T - 3 TTw), obecmeyurBaromas
OUCTAaHIIMOHHOE Hepa3pyllaoliee ToMorpadpuye-
CKOe BBISIBJIEHHE U MYJIBTHUCIIEKTPAIbHYIO U eH-
TUPUKALMIO I POKON HOMEHKIIATY PbI B3PbIBYA-
THIX U HaPKOTHYECKHUX BellecTB NPHU MUHHUMHU-
3aLIMM HETaTHUBHOTO BO3/IeHMCTBU S KOHTPOJIBHO-
OUArHOCTHYeCKOH ITPOLe[yPHl Ha YeI0BeKa;

e mIpu6OPEI AJIs1 HAYUHBIX HUCCIeOBAHUM U CEpTH-
duKa Uy NPOAYKIIMH, OCHOBAHHBIE HA aHAJIH3e
Kojie6aTeIbHBIX CIIEKTPOB MOJIEKYJI OpTaHHUYeCKOM
U HeOpraHUYeCKON IPUPOABI B TeparepLoBOM
oUara3oHe 4acToT, obecriednBaIOIeM 3KCIIPecc-
HIeHTUOUKAIIMIO COCTaBa 00bEKTOB, B TOM YHCJIe
6e3 HapyLIeHUS L[eIOCTHOCTH YIIaKOBKH;

e« MeIMIMHCKAas TeXHHKA HOBOILO IIOKOJEHUS A5
6e3BpeHON paHo-TOMOI PadHUeCKOH IKCIIPecc-
OUATHOCTUKU OTAEJNBHBIX OPTaHOB uUeJoBeKa
C 11eJIBI0O PAHHETO0 BbISIBJIEHHUS I1aTOJOTUYeCKUX
H3MeHeHUH;

e cuctemsl obecredyeHH s 6e30IIaCHOCTH SAE€PHBIX
M TeXHOT@HHO-0MaCHBIX 06beKTOB Ha ocHOBe JKB
CO CBEPX3KCTPeMa/IbHBIMHU TeMIIepaTypHBIMHU
Y PagHUaLlMOHHBIMHU YCIOBHUSIMH 3KCILIyaTallUH.

3AK/IIOYEHUE

Ba>kHBIM CTHMY/IOM Pa3BHUTHS BAKYYMHOM MHKPO-
37IeKTPOHUKH CjleflyeT CUMTATh OCBO@HHE MUJIIH-
MeTPOBBIX IJIMH BOJIH K TeParepLoBoro AHamna3oHa
YacTOT IIPU HeobXomMUMOCTH obecriedeHM st TpebyeMBbIX
3HaueHM I BasKHeHIIero KpUTepus KauecTBa CUCTEM
6ecrIipoBOIHOM CBS3H, PAJHONOKAIIUH U PaZH03/IeK-
TPOHHOTO IIPOTHUBOJEHCTBUS ~ IPOM3Be/IeHU ST BBIXOJ-
HOM MOIITHOCTH Ha Pabouyio YaCTOTY U II0I0CY YaCTOT.

Hcnonb3oBaHue 6a30BEIX U MOAUOULIPOBAHHBIX
IIPOI[eCCOB MUKPO- U HAaHOTeXHOJOTHUU U HHpa-
CTPYKTYPbI HHTEIPAJIbHO-TPYIIIIOBOTO IIPOM3BOACTBA
pr60OPOB TBEPAOTENBHOM 37IeKTPOHUKH M MUKPOCH-
CTeMHOM TeXHHKH CO3/Ial0T IIPe/IIOCHIIKH K PeHec-
CaHCY BaKyyMHOK 3JeKTPOHMKM C 3BOJIOIHEH
B MHKPO- U HAHOPa3MepHYI0 06/1aCTb.

KoMIIIeKCHpOBaHME TBEPAOTEIbHBIX M BAKYYMHBIX
MHKPOIIPHOOPOB ~ PaIlMOHATBHBIH 3KOHOMHYECKH
30PeKTUBHBIH MyTh FTAaPMOHU3AI[MH KOHCTPYKTHBHO-
TeXHOJIOTHYeCKHX PellleHH I IIPHU IIPOPEIBHOM XapaK-
Tepe MHTerPUPOBAHHBIX QYHKIIMOHAIBHBIX MHUKPO-
BOJIHOBBLIX U TePareploBbIX CUCTEM C PaHee HeloCTH-
SKHMBIMH ITapaMeTpPaMH.

OcHOBHBIe Hay4HO-06pa3oBaTe/lIbHbIe HallpaBJe-
HHS Pa3BUTHS LIKOJIBl BAKYYMHOM 3JeKTPOHUKHU
B CII6IDTY "JISTU" mpencTaBieHBl Ha ¢op3ale
OAHHOTO U3JJaHHUS.
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The use of basic and modified

« devices for scientific research
and certification of products
based on the analysis of vibra-
tional spectra of molecules of
organic and inorganic nature in
the terahertz frequency range,
providing rapid identification
of the composition of objects,
including without violating the
integrity of the package;

« new generation medical equip-
ment for harmless radio tomog-
raphy express diagnostics of
individual human organs with
the purpose of early detection of
pathological changes;

« security systems for nuclear and
technogenic-hazardous facilities

based on electronic devices for
ultra-extreme temperature and
radiation operating conditions.

CONCLUSION

An important incentive for the
development of vacuum microelec-
tronics should be considered the
development of millimeter wave-
lengths and the terahertz fre-
quency range, when it is necessary
to provide the required values of the
most important criterion for the
quality of wireless communication
systems, radar and radioelectronic
countermeasures - product of out-
put power, operating frequency and
frequency band.

processes of micro- and nanotech-
nology and the infrastructure of
integrated production of solid-state
electronics and microsystem equip-
ment create the preconditions for a
renaissance of vacuum electronics
with evolution into the micro- and
nanoscale region.

The integration of solid-state and
vacuum micro-devices is a ratio-
nal economically effective way
of harmonizing design and tech-
nological solutions at the break-
through nature of integrated func-
tional microwave and terahertz sys-
tems with previously unattainable
parameters. [
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OTKAYHDIE CPEACTBA 419 MUKPO3JIEKTPOHUKH

Komnanus 33HKO M/IA3MA npegnaraeT LWWPOKMIA CMEKTP OTKAYHbIX
CPeACTB ANS MMKPO3NEKTPOHWUKW, OXBATbiBAIOWMA BCE BO3MOXKHbIE
0651aCTU NpUMeHeHNS.

[\ns NNa3MoXMMUYEckux MpOLLeCcCoB PEKOMEHAO0BAHbI BUHTOBbLIE
Hacocbl. CnewnanbHo paspaboTaHHble cepum PS u PSE umeroT cuctemy
MpOAYBKN a30TOM, KOTOpas MpensiTCTBYeT KOPPO3WM W 3arpsi3HeHuIo
YaCTMLAMM, 4TO NO3BOJISET WUCMO/bL30BATb HACOCH! B MOJYNPOBOAHMKO-
BOM MPOWU3BOACTBE ANS OTKAYKN CPef C BLICOKUM COAEPXaHNeM MeKo-
AMCNEPCHbIX YacTuL. KOHTposaep ¢ MUKPONPOLLECCOPOM 1 BCTPORHHLIM
XUAKOKPUCTANIMYECKUM JUCTJIEEM MO3BOJISET HE TObKO YAAJIEHHO
ynpasasTb paboToy HAcoca, HO U NPOBOANTL MOHUTOPUHT ANS obecne-
YeHWs ero 3almuTLl B Cy4ae c6os. Takxke UMEETCs BO3MOXHOCTb 06be-
LVHEHNS HECKOIbKMX HACOCOB M YNPaBNEHNS UMW C MOMOLLbIO Crewn-
aILHOTO NPOrpaMMHOro 0becneyeHms.

TypbomoneKkynsipHble HAcoCbl HA MArHMTHOM noggece cepun CXF
npon3BoauTenbHOCTbI0 0T 1300. £0 3000. /1/C OTANYAKOTCS BbICOKOM
YUCTOTON, HW3KOW BMOpALMEN M BO3MOXHOCTbIO YCTAHOBKW B Nt06OM
MPOCTPAHCTBEHHOM MONIOXEeHNU. OHM LINPOKO MPUMEHAKTCS B BaKy-
YMHOM  HAnbiNeHUU, OCKAEHWUM MOKPLITUA, MOAYNPOBOAHUKOBOM
MpOW3BOACTBE W CUCTEMAX MMUTALMKM KOCMUYECKOTO MPOCTPAHCTBA.
KomnakTHas cepusi TypbomonekynsipHbIX HacocoB FF npou3BoauTenb-
HOCTbI0 63-300 1/C CMeumanbHO CMPOEKTUPOBAHA ANS UCMONb30BAHNS
B MacC-CMeKTPOMETPUM, TeYeuckaTensx, ycraHoBkax U npubopax Ans
HNOKP.

JINs BakyyMHbIX MPOLIECCOB HAMbINEHWS W WMNJIAHTEPOB OMTH-
MafibHO MOAXOAAT KPUOTEHHbIe BaKyyMHble HAcoChl, XapakTepu-
3ylOWMECs BbICOKOW CKOPOCTbID OTKAYKW, MOMHLIM  OTCYTCTBUEM

3arpA3HAIOWMX NPUMECEN, BbICOKOW KpUOAZCOPOLMOHHON eMKOCTbIO,
a Takke NerkocTbi0 pereHepaumuu. PewweHus, peanu3oBaHHble B HACo-
cax mopenu ZP-DU, 3awnieHbl AByMA MeXAYHAPOAHLIMU NATEHTAMM.
PaclimpeHHas eMKoCTb BTOPON CTYMEHW HAcoca M MAowWaab Kpuona-
He/n N03BONSIOT KOH/JEHCUPOBATD H0/bLIE aproHa 1 a3oTa, YBennyuBas
WHTEpBAN MeXAy pereHepaumsamu. NMpumeHeHue TpexdasHoro ABura-
Tens 06ecneynBaeT CHKeHMe BUbpaLmn.

B KkayectBe ¢opBaKyyMHbIX HACOCOB MOFYT WCMONL3OBATLCS KAac-
CUYecKue cyxme cnupanbHble Hacockl cepun WXG 1 KOMNAKTHbIE Cru-
pasibHble HAcochl SVF ¢ TeXHONOrMel naaBatowen cnupann. Marepuan
Cupanu obecneynBaeT ANUTENLHBIA CPOK CYXObI HACOCOB SVF Aaxe
MpW NepekaynBaHni HarpeTbiX A0 BLICOKMX TeMnepatyp ra3oBbiX Cpe,
HaCbILeHHbIX Napamu BOAbI. MpefencHoe AaBjeHne MOXET Bapbupo-
BaTbCA ANS KKAOA MOZENM B 3aBUCMMOCTYW OT MOTPEOHOCTEN KOHey-
HOTO N0/Ib30BaTeNS.

PaboTbl MO MNAHOBOMY 06CNYXMBAHWIO, PEMOHTY U BOCCTAHOBAE-
HMIO BaKyyYMHOrO 06OPYAOBaHMA BbINONHAET aBTOPU3OBAHHLIA CEPBU-
CHbIA LeHTp B Mockee. B 2017 rogy B LieHTpe 6bin CO3AaH CepBUCHDIN
Y4aCTOK MO PEMOHTY W BOCCTAHOB/IEHWNIO KPUOTEHHbIX BAKYYMHbIX HACO-
CoB, pabotatowux no cxeme Mddopaa-MakmaroHa, B Tom yucae, 060-
pysoBaHus komnanui ULVAC, CTI Cryogenics, Austin Scientific, Brooks
W Trillium. COTPYAHMKM CEPBUCHONO LIEHTPA PErynsipHO NPOXOAAT KypCbl
MOBbILIEHNS KBAAMDUKALMM U TPEHWUHTW Y MPON3BOAMTENEN NOCTaBAsE-
Moro 060pyA0BaHMs. Ha cknaje LeHTpa MMeloTCs B HaMYMM 3anacHble
YaCcTu OT BeAyLiMX NPOW3BOAMTENEN, YTO JAeT BO3MOXHOCTb MPOBO-
LT paboTbl B CXATble CPOKM.

www.zencoplasma.ru
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