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BBenenune

CoJiHeyHas1 9HEPrusl Kak UCTOYHUK 3JIEKTPOIHEP-
MU BceTaa TpuBJieKajia BHUMaHUe yyeHbIX. B moc-
negHue 10—15 jeT comHeuHast SHepreTUkKa OBICTPO
pa3BUBaJIach U MOJIy4yUsia paClipOCTpaHEHUE B CEKTOPE
afekTporeHepauuu. OnHaKO MCIOJb3yeMble ceifuyac B
COJITHEUHBIX TIaHeJsIX MOJYIPOBOJHUKOBBIE (hOTORJIE-
MeHTHI nMetoT Heboabimoi KIT/ (mernee 30 %) u BbI-
COKYIO CTOMMOCTb. OTHUM U3 TIEPCIIEKTUBHBIX MyTEH
yBeandyeHus1 KIIJ mnpeoOGpa3oBaTeneil COJHEYHOM
sHepruu (IIC3D) sgBisgercs co3maHue UX Ha OCHOBE Ha-
HOaHTeHH. HaHoaHTeHHa UM, KakK ee elle Ha3bIBaloT,
peKTeHHa — 3TO YCTPOMCTBO IPeoOpa3oBaHMS COJI-
HEYHOI 3HEPTUU B JIEKTPUYECKUI TOK, TOCTPOCHHOE
MO MPUHLMIY BINIPSIMJISIONIEH aHTeHHbI, HO padoTa-
Iolllee He B paauoarana3oHe, a B ONTUYECKOM Auarna-
30oHe AMuH BoJH (400...800 HM) 371eKTPOMArHUTHOIO
uznyyeHus [1—3].

Teopus, nexaiasi B OCHOBE HaHOAHTEHH, MO Cy-
LIECTBY Ta Xe€, YTO ONMUCHIBAET pabOTy BBINPSAMIISIO-
mux aHTeHH. CBeT, magaloliuii Ha aHTEHHY, BbI3bIBAeT
KoJe0aHUsl ABMXKYLIMXCS 3JIEKTPOHOB B aHTEHHE C
YacTOTOM, paBHOM YacTOTe BXOJSIIET0 CBETOBOIO IO-

TOKa. DTO CBSI3aHO C KOJEOAHUSIMM DJIEKTPUYECKOTO
TOJISI BXOASILEH 371eKTPOMAarHUTHOM BOJIHHI [4]. [IBU-
JK€HHUE 2JIEKTPOHOB CO3AAeT MepeMEHHbIN TOK B LEMU
aHTeHHBI. 11 npeobpa3oBaHMs MEPEMEHHOIO TOKa B
MOCTOSIHHBII HY>KHO TIPOBECTU €ro JeTEKTUPOBAHUE C
MOMOIIIBIO BBIMPSMUTENbHOTO Auona. Pe3zoHaHcHast
yacToTa aHTEHHbI PaCTET JUHENHO ¢ (PU3UUYECKUMU
pa3MepaMu aHTeHHbI B COOTBETCTBUU C MPOCTON Te-
opueii anteHH CBY [5—7]. Tak kak 85 % COJTHEYHOrO
CIIeKTpa JIeXKUT B BUAMMOM W MH(ppaKpacHOM auarna-
30HE [2], 4TOOBI peKkTeHHa OblIa 3(P(PEeKTUBHLIM HAKO-
MUTeJIeM COJIHEYHOTO CBeTa, OHA JO0/DKHA MMETh 3Jie-
MEHTBI pa3MepoM TOopsiiKa COTEH HAHOMETPOB U Bbl-
MpSMJISITh Ha 4acTOTaxX TepareploBOro auarnaszoHa [3].
CoBpeMeHHbIE TMOIbl Ha OCHOBE p—n-Tepexoaa u 1u-
onsl IllorTky MoryT 3(p(heKTUBHO pabOTATh TOIBKO Ha
yactotax MeHee 1 TT'u. Takum obpazom, aiisg apdek-
TUBHOTO MPeoOdpa30BaHUs SHEPTUU HYKHO MCITOIb30-
BaTh aJbTePHATUBHBIC TUOIHI.

B coBpeMeHHBIX YCTpOHCTBaX HAHOAHTEHH MWC-
MOJIb3YIOTCSI TYHHE/IbHbIC AUOAbI HA OCHOBE MEPEXO-
JOB MeTalI—IusjeKTpuk—meTamn (MAM), croco0-
HBIE pabOTaTh Ha BEICOKMX yacTtoTax nopsiaka 100 TT .
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ITosTOoMy B OT/IMYME OT IIOJYIIPOBOTHUKOBBIX (POTO-
3JIEMEHTOB PEKTEHHBI MMEIOT NMoTeHIuaabHbiA KIT/I
6onee 85 % 1 MeHbIIYIO CTOUMOCTh. HemocTaTkom Ta-
KUX PEKTEHH SIBJISIETCSI TO, YTO COBPEMEHHbIE PEKTEH-
Hbl M3rOTaBJIMBAIOT JOPOTMM U MEIJIEHHBIM METOIOM
3JIECKTPOHHO-JIy4eBoi tuTorpacduu. OgHaKo OTHUM U3
METOJIOB CO3/IaHUSI PEKTEHH 0€3 UCIOJIb30BAHMS DJIEK-
TPOHHO-JIy4eBOI JIUTOrpauu SIBISIETCS UCIOIb30Ba-
HUE YIJIEPOIHBIX HAHOTPYOOK, MMEIOUIMX BBICOKHE
KO3(hGULMEHTHI MEXaHWYECKOM MPOYHOCTU, TeTUIO- U
aliekTpornpoBogHocTy [8]. Takum obpa3om, mccieno-
BaHMe 110 coznaHuto [ICH Ha ocHOBe peKTeHH Ha 0aze
VHT B uenax noseiueHust KIIJ mpeodpaszoBareneit
COJIHEYHOW PHEPTUU ABIIETCH AKTyaJIbHOM TEMOM.

MeToauka NnpoBEACHHUA IKCICPUMCHTA

ABTOpamMu ObL1a pazpaboTaHa METOAMKA, TTO3BOJISI-
fo1ast co3gaTh KoHTakT Y HT/okcun/merann B Kamepe
CKaHUPYIOILETO 3JEKTPOHHOTO MUKpocKora. Obpasely
C YIJIEPOIHBIMU HAHOTPYOKAMM KPETUIU K CTOJUKY
3JIEKTPOHHOTO MUKPOCKOIIA U MOMEILAIA B €T0 KaMepy.
Omunounble YHT oTnmenstin oT MaccuBa HeEIOCpPes-
CTBEHHO B KaMepe Mukpockomna. ITocie Beibopa 1mos-
XOIsIlIe HaHOTPYOKM mist ucciaenoBanus YHT us-
BJIEKaJIM M3 MacCUBa M 3aKpeIUIsiiv Ha BOJIb()paMOBOM
30HAe. 151 3TOro ¢ MOMOIIbI0 MaHUMYJISTOPA 30H]
MOJBOAMIIN K TPyOKe TaKUM 00pa3oM, YTOObI HEOOIb-
1as ee 4acTh Kacajach OCTpus 30HAa cBepxy. Haxo-
JISICb B TaKOM TMOJIOKEHUM, TPyOKa 3aKperuisiiach Ha
30H/I€ MyTeM OCAXICHMS TJIATUHBI U3 CUCTEMbI Ia30-
BOU MHXeKUuu MuKpockomna. Ilociae 3Toro manumy-
JISITOP C MaJIOM CKOPOCThIO OTOJABUTIAJICS OT MJIOCKOCTH
MaccuBa, BbITacKMBasi TPyOKy 3a coboii. /laiee cBo-
6onHblli koHenw YHT moaBoawiavM K MeTaIMYECKOU
IUTOIIAIKE ¢ OKCHIOM Ha TIOBEPXHOCTU M OCYIIECT-
BJISLICSI KOHTAKT YIJIEPOAHON HAHOTPYOKM C METaUIu-
yeckuM cioeM (puc. 1).

o det re WD

W | 0.20nA | ETD 3le-5 Pa | 5.0 mm |ALEXANDER DUDIN @ FEI HELICS NL 650

Puc. 1. COM-n300paxkenue onHoro u3 kontakros YHT ¢ meranm-
YEeCKHM CJI0EM, MMEIONIUM €CTECTBEHHbIN OKCHI

Fig. 1. SEM image of one of the CNT contacts with a metal layer having
a natural oxide
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7151 M3roToBIeHNsI KOHTAKTHBIX TUIOLIAI0K HA KpeM-
HUEBYIO IU1acTUHY n-Tuna (p, ~ 0,001...0,005 Om - cm)
TONIMHOI 460 MKM ¢ okcunoM kpemHus (SiO,) ToI-
wuHoM 1,8 MKM ocaxaaloT MeTalibl: Boabdpam (W),
amoMmunuii (Al), turan (Ti). MeTamibl ObLIM BEIOpaHbI
BBUJIY Pa3IMYHOM pabOTHI BEIXOIA U TEXHOJIOTHICCKIX
BO3MOKHOCTeil. s ocaxaeHus MeTalJIOB BblIOpaHa
YCTaHOBKa 3JICKTPOHHO-JTYYeBOTO ocaxmeHus Evatec
BAK 501.

B kayecTBe CKaHUpPYIOIIETO MMKPOCKOMA CBEpPX-
BBICOKOTO pa3pelIeHsT MCIOJb30BAIN IBYJIYUEBYIO
cucremy FEI HeliosNanoLab 650i. Pa6oyee gaBine-
HUE B KaMepe MUKPOCKOIIA HAaXOOUTCI B Ipenesiax
5-107°...1-107% I1a, yTO XOPOIIO TTOAXOIUT JIJIsT U3ME-
penuii. JInsa 3akperieHust YHT Ha 30HIe MCIOJIB30-
BaJlaCh CHMCTEMa Ta30BOI WHXKEKIIWH IJIS HaIbIICHUS
IUIATUHBI ¢ TIOMOIIBIO 3JIEKTPOHHOTO My4ykKa. B kamepe
MMKPOCKOITa yCTaHOBJIeHa 30HOoBas crucTema Klein-
diek Nanotechnik ¢ 4eTbIpbMSI OTIAEIbHBIMUA HE3aBU-
CHUMBIMU MaHUITYJIITOpaMH. B KaxkImoM MaHUTTYISITOpE
YCTaHOBJIEHA 3JIEKTPOXMMMWYECKU 3aTOUYEHHAs] BOJIb-
¢dpamoBas uroika ¢ pagraycom octpusi okojo 500 HM.
st uamepeHuil 3JeKTpUUYECKUX XapaKTepUCTUK Ha
MOCTOSTHHBIX TOKaX OBUT MCIIOJIb30BaH MPOrpaMMUpPY-
eMbIil IBYXKaHAJbHBIII UCTOYHUK-U3MEPUTENIh Source
Meter 2634B ¢upmbr Keithley (Textronk).

Pe3yJ1bTaT])I IKCNIEepuMEHTA

Bbun poBeieHbI 2JIEKTPUUYECKUE U3MEPEHUsT KOH-
TaKTOB YIJIEPOXHON HAHOTPYOKM W aTIOMUHMSI, TUTAaHA
1 BoJibpama ¢ eCTeCTBEHHBIMU OKMCJIaMU Ha MTOBEPX-
HocTtu. Ha puc. 2 npeacraBieHa BoJbT-aMIIepHasi Xa-
pakTepucTika KoHTtakta YHT/WO, /W.

ITocne yero GbL1a NMpoBeaeHa 0OpabOTKa HEJIMHE -
HbIx BAX 1 BBIYMCIACHMSI BBICOT IMOTEHIIMATbHBIX
6apbepoB. ISt 3TOTO 3KCIIEpUMEHTATbHEBIC Pe3yiIbTa-
THI IIEpeCTpanuBaloTcsl B KoopauHarax In(J/AT 2) kT =
= f( yl/ 4) JIJIsI OTIpeieJICHNsI BHICOTHI IIOTEHIIMATBLHOTO
6apbepa [10—12]. BeipaxkeHue mJisi BOJIbT-aMIIEpPHOU

XapaKTepUCTUKUA UMEET BUI:
4
dne i€0

— 2| 4@ —A0p)
J=AT exp[ BT T

kT

IMpu Hanpsxenun cMmeutenud U > 3kT u ¢ > Ag,
aTa popMysia IPUHUMAET BUI:

qV
4 dnegg
J= ATzexp(—q—(E) exp| ————
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Puc. 2. BAX konrakra YHT/WO,/W
Fig. 2. CVC of CNT/WO,/W contact
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Puc. 3. BoabT-amMnepnas xapakTepucTuka B Koopaunarax In(J/AT 2) - kTor V14 konrakra
YHT/WO,/W
Fig. 3. CVC in coordinates In(J/A TZ) kT from 1444 of CNT/WO,/W contact

BbicoTa NOTEeHUHMAJIBHBIX 0apbePOB KOHTAKTOB MeTaul/mudekTpuk u YHT/ausnekrpuk
The height of the potential barriers of metal/dielectric and CNT/dielectric contacts

KontakT BricoTa moTeHIMaTbHBIX 0apbepOB KOHTAKTOB, 3B

Contact Heights of the potential barriers of contacts, eV
CNT/ALLO4 0,73
CNT/WO, 0,25
CNT/TiO, 0,29

Al/Al,O4 1,9

W/WO, 0,25

Ti/TiO, 0,29

IIpu V= 0 B BbiCcOTa NOTEHLIU-
aJbHOrO Oaphepa paBHA

¢ = —li—Tln( L 2}
9 \sAT

rae § — MIoNIaab MOBEPXHOCTHU Ka-
caHusi HaHOTpyOku; A — apdek-
TUBHas MocTosiHHasi PuyapacoHa,

%
BHaa 120=; my — m JIEK-
aBHa 120%' 0 acca sje
0

TpoHa; m* — 3¢ deKTUuBHasI Macca
9JIEKTpOHA B OUAJIEKTpuKe; 1T —
TeMIiepaTypa HaHOTPYOKH; ¢ — 3a-
pSI 2JIEKTPOHA; ¢ — BBICOTA TIO-
TeHIIuajibHOro Oapnepa, 3B; k —
nocrosHHaa bonbumana; g; — au-

QJICKTPUYCCKas1 INPOHULAEMOCTD,
€9 — OJICKTpHYCCKas IMOCTOsIHHAA,

A(pb — BCJIMYMHA IMOHMXKCHUA I10-

TEHIIMAJIBHOTO Oapbepa 3a CUeT CHIT
JIEUCTBUSI CUJT 3epKaIbHOTO U300-
paxkeHMsI U DJEKTPUYECKOIrOo IMOJs
KOHTaKTa.

IlepectpoeHHass BOJbBT-aMIep-
HasT XapaKTepHUCTUKa B KOOPIAWHA-
tax In(J/A-T? kT = fVV/4%
koHtakrta YHT/WO,/W nokazana
Ha puc. 3.

B Tabnuue ykazaHbl BbICOTHI 10O-
TEHIIMAJIBHBIX 6aphepOB KOHTAKTOB
MeTam/ausnaektpuk u YHT/ nu-
3JIEKTPUK, OTpeAeSieHHbIE TI0 9KC-
nepuMeHTaabHbIM BAX.

3akimouyeHue

3aMeueHo, YTO Ha MajJeHue Ha-
MPSKEHUS BIUSIET pa3HULIA MEXIY
paboToii BbIXoJa MeTaia U dHep-
TUei 3JeKTPOHHOIO CPOACTBA TU3-
JIEKTpUKA, C YMEHBIIEHUEM 3TOi
pa3HUILIBI yYMEHbIIAeTcsl MaaeHue
HanpspkeHusi. PasHuiia paGoT BbI-
XO/Ia METALJIOB BJIMSIET Ha HECUM-
MmeTpuyHOCTh BAX: ¢ yBelInmueHreM
9TOIl pa3HOCTH YBEJUUYMUBAETCSl HE-
cummeTpuyHocTh BAX [5]. B maH-
HOIi paboTe ci1abasi HECUMMETPUY-
HocTh BAX oOycnoBieHa HeOOIb-
IO pa3HuIell Mexay paboToit
Beixoga YHT u metannos.
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Introduction

Solar energy as a source of electricity has always at-
tracted the attention of scientists. In 10—15 years, solar
energy developed rapidly and became widespread in the
power generation sector. However, currently used sem-
iconductor photovoltaic cells have a small efficiency
(less than 30 %) and high cost. One of the promising
ways to increase the efficiency of solar energy convert-
ers (SEC) is to create them on the basis of nanoanten-
nas. Nanoantenna or rectenna, as it is also called, is a
device for converting solar energy into electric current,
built on the principle of a rectifying antenna, but op-
erating not in the radio band, but in the optical wave-
length range (400...800 nm) of electromagnetic radia-
tion [1—3].

The theory behind nanoantennas is essentially the
same, which describes the work of a rectifying antenna.
Light incident on the antenna causes oscillations of
moving electrons in the antenna with a frequency equal
to the frequency of the incoming light flux. This is due
to the oscillations of the electric field of the incoming
electromagnetic wave [4]. The movement of electrons
creates an alternating current in the antenna circuit. To
convert AC to DC, it is necessary to detect it using a
rectifier diode. The resonant frequency of the antenna
grows linearly with the physical dimensions of the anten-
na in accordance with the simple theory of microwave
antennas [5—7]. Since 85 % of the solar spectrum lies
in the visible and infrared range [2] in order for rect-
enna to be an effective accumulator of sunlight, it must
have elements of the order of hundreds of nanometers
in size and straighten at frequencies of the terahertz
range [3].

Modern p—n junction diodes and Schottky diodes
can only work effectively at frequencies below 1 THz.
Thus, for efficient energy conversion, alternative diodes
must be used.

The nanoantennas devices use tunnel diodes based
on metal-insulator-metal (MIM) transitions, capable
of operating at high frequencies of the order of 100
THz. Therefore, unlike semiconductor photovoltaic
cells, rectenns have a potential efficiency of more than
85 % and lower cost. The disadvantage of such rectenns
is that modern rectenns are made by expensive and slow
method of electron beam lithography. However, one of
the methods for creating rectenns without the use of elec-
tron-beam lithography is the use of carbon nanotubes
having high coefficients of mechanical strength, heat and
electrical conductivity [8]. Thus, the study on the crea-
tion of SEC on the basis of rectenns on the basis of
CNT in order to increase the efficiency of solar energy
converters is a hot topic.

The methodology of the experiment

The authors have developed a technique to create a
contact of CNT/oxide/metal in the chamber of a scan-
ning electron microscope. A sample with carbon nan-
otubes was attached to the table of the electron micro-
scope and placed in its chamber. Single CNTs were
separated from the array directly in the microscope
chamber. After selecting a suitable nanotube for the
study, the CNTs were removed from the array and fixed
on a tungsten probe. To do this, using the manipulator,
the probe was brought to the tube in such a way that a
small part of it touched the tip of the probe from above.
Being in this position, the tube was fixed on the probe
by deposition of platinum from the gas injection system
of the microscope. After that, the manipulator moved
away from the plane of the array at a low speed, pulling
out the tube behind it. Then, the free end of the CNT
was brought to the metal platform with oxide on the
surface and the carbon nanotube was contacted with
the metal layer (fig. 1).

For the manufacture of contact pads, the metals are
deposited on the n-type silicon wafer (p,,~ 0.001...0.005
Q- cm) of 460 um thick with silicon oxide (SiO,) of 1.8
um thick: tungsten (W), aluminum (Al), titanium (Ti).
Metals were chosen due to different work functions and
technological capabilities. The installation of electron
beam deposition Evatec BAK 501 was chosen for dep-
osition of metals.

A two-beam system FEI HeliosNanolLab 650i was
used as a super-resolution scanning microscope. The
working pressure in the microscope chamber is within
5-107°...1- 10~* Pa, which is well suited for measure-
ments. To fix the CNT on the probe, a gas injection sys-
tem was used to spray platinum with an electron beam.
Kleindiek Nanotechnik probe system is installed in the
microscope chamber with four separate independent
manipulators. An electrochemically tuned tungsten
needle with a tip radius of about 500 nm is installed in
each manipulator. Keithley (Textronk) programmable
two-channel source-meter SourceMeter 2634B was
used to measure electrical characteristics at constant
currents.

The experimental results

Electrical measurements were made of the contacts
of a carbon nanotube and aluminum, titanium and
tungsten with natural oxides on the surface. Fig. 2
shows the current-voltage characteristics of the contact
CNT/WO,/W.

After that, nonlinear CVC characteristics were
processed to calculate the heights of potential barriers.
For this, the experimental results were rebuilt in the
coordinates ln(J/ATz) kT =f( v/ 4) to determine the
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height of the potential barrier [10—12]. The expression
for the current-voltage characteristic is:

A g9V
_ % 7Q((P_A(Pb) 4me g _
J=AT exp( T p T 1

At the bias voltage U > 3kT and ¢, > Ag,, this for-
mula takes the form:

qV
Yane e
J= AT2exp(—q—(E) exp| X170

kT kT

From where

len( ! ZJ = —qo + 44V
SAT 4ﬂ8i80

When V=0V, the height of the potential barrier

0= —k—Tln(—I 2),
49 \sAT

where s is the touch surface area of the nanotube; A is
the effective Richardson constant, equal to 120m*/my);
m is the electron mass, m* — is the effective electron
mass in the dielectric; 7 — nanotube temperature; g —
electron charge; ¢ — the height of the potential barrier
in eV, k is the Boltzmann constant.

The rebuilt volt-ampere characteristic in the coor-
dinates In(J/AT?) - kT = f(V'/%) of the contact of
CNT/WO, /W is shown in fig. 3.

The table shows the heights of the potential barriers
of the metal/dielectric and CNT/dielectric contacts,
determined from the experimental current-voltage
characteristics.

Conclusion

It has been observed that the voltage drop is influ-
enced by the difference between the work function of
the metal and the electron affinity energy of the die-
lectric, with a decrease in this difference the voltage
drop decreases. The difference in the work of metal
output affects the asymmetry of the CVC characteris-
tic; with an increase in this difference, the asymmetry
of the CVC characteristic increases [5]. In this work
the weak asymmetry of the CVC is caused by the small
difference between the work function of CNTs and
metals.
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Paccmompena mexnonoeuteckas ycmaHogKa 34eKmpo0dy2060i NAA3MEHHOU NEPEeKOHOCHCAYUU MEeMAanloCco0epICauux nopou-
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MEeXHOA0UMECKasi CXeMa N0360451em obecnevums mpedyemoe Ka4ecmeo yavmpa- u HAHOOUCHEPCHbIX MEMAIAUMECKUX NOPOUKO8 U
ux mooughukayuil 3a cuem ycmpaumeHus ux noAU@PPaAKyUOHHOCMU, Y8eAUHEeHUs CO0ePIHCAHUS OCHOBHO2O0 NPOOYKMA U MOOUpUUU-

pyrouux 006a6okx.
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Bsenenune

Db deKTUBHOCTH TPUMEHEHUSI YJIBTPa- U HAHOAMC-
MEPCHBIX MOPOILIKOB B COCTaBE Pa3jIMYHbIX MaTepua-
JIOB BO MHOTOM OIPEIENSeTCS TEXHOJOTMEN UX MpPo-
M3BOJICTBA, OIPEICISIONIEe XapaKTEpUCTUKU TOTOBOM
npoaykuuu. M3BecTHbIE pe3yabTaThl MCCAEAOBAHUIA
CBUJETEJILCTBYIOT O TOM, YTO HauboJjiee 3HaYMMbIMU
XapakKTepUCTUKAMU SIBJISIIOTCS CONEpP>KaHWE OCHOBHO-
ro MpOIYyKTa B NOPOLUKE, €r0 YAEAbHASl OBEPXHOCTD,
¢dopMa u cperHEMACCOBBIN pazMep YacTull, (ppakim-
OHHOE pacrpeaeeHue Mo MMCIEePCHOCTU, a TakKXKe
CTOMMOCTHBIE MTOKA3aTeJH.

B HacTos1iee BpeMsi B MUpPe MMEETCs] MHOXKECTBO
(IeCsITKU M COTHM) CIOCOOOB MOJIyYEHHUS YIbTpa- U
HaHOJAMCIEPCHBIX ITOPOIIKOB [1—8§], uMemlux cBou
MperMylllecTBa U HeAOCTaTKU. B mmeaibHOM ciyuae
CMOCOOBI M TEXHOJOTUHU UX MOJyYeHUS JOJKHBI 00ec-
MeYunBaTh:

— BO3MOXHOCTH TIOJYYEHUSI IIMPOKOTO CITEKTPA
HaHOITOPOIIIKOB Pa3IMYHON XMMWYECKON TTPUPOIEL;

— LIMPOKUI AMAna3oH pa3MepoB YacTUIl B YCJIO-
BMSIX HAJeXXHOTO KOHTPOJISI M yIpaBJeHUs MapaMeT-
paMu mpoiiecca;

— 3allaBaeMoe U KOHTPOJMpPYEeMOe pacripeaeicHue
YaCTHII TI0 pa3Mepam;

— 3alIUTYy TMOBEPXHOCTU YaCTUI] TOKPBITUSIMMU,
MpenoTBpaIlA0IIMMIA CaMONPOXU3BOJILHOE BO3ropa-
HUE, CTIeKaHWe U TapaHTUPYIOIIUMU CTaOUIBHOCTD UX
(bU3UKO-XMMUUYECKHX CBOMCTB;

— BBICOKYIO ITPOM3BOIUTEIBHOCTh U 3KOHOMUY-
HOCTb TeXHOJIOTUU;

— BOCIPOU3BOAUMOCTb KOHTPOJIMPYEMOIO XUMMU-
YeCcKOro M (ppakIIMOHHOTO COCTaBa.

AHaJM3 U3BECTHBIX TEXHUUYECKUX PelIeHU moKa-
3bIBAET, YTO HAMOOJBIIMIA MPaKTUYECKUI HMHTEepec
MPeICTaBASIOT COCOObl, OCHOBAaHHbIE Ha Mpolieccax
vcrnapeHus B TUla3Me M Ha KOHACHCALIUU.

I11a3mMeHHBIE CITOCOOBI ITOYyYeHMsI KOHIeHCAIIMOH-
HBIX YJIbTPa- U HAHOAUCIIEPCHBIX YACTUIL COCTABIISIOT
ocoOy1o rpynny. OHM OCHOBaHbBI Ha MJ1a3MEHHOM Ha-
I'peBEe UCXOMHOIO ChIPhsl, NIEPEBOME €ro B Mapoodpas-
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HOE COCTOSHME, Pe3KOM OXJIaXIEeHUM Tapa WM Ta-
porazoBoii cMecu B oObeMe ¢ oOpa3oBaHUEM a’po-
30JIbHOW CUCTEMBI, COCTOSIIIEN M3 TBEPIBIX YJIbTpa-
WJIM HaHOAMUCIEPCHBIX YAaCTUIl METAJIOB, KOTOpPbIE
YJIaBAMBAIOT Pa3IMYHBIMU METOAAMM.

Hnst popMupoBaHuUS IJ1a3Mbl MOXHO MCIIOIB30-
BaTh AYTroBble, BbiIcOKoUacToTHbhie (BY) u cBepXBbICO-
kouactoTHeie (CBY) ucmapuremn. Hapsiny ¢ ompene-
JIeHHBIMU TIpeuMyllectBamu criocoobl BY u CBY
IUIa3MEHHOM TepeKOHACHCAMU UMEIOT PSi CYLIECT-
BEHHBIX HeIO0CTaTKOB. K MX YMCITy CllenyeT OTHECTH BbI-
COKYI0 yaeabHy10 3HeproemKkocTs (0,3...1,0 MBT * u/KT),
OTHOCHUTEJIbHO HU3KYIO0 IPOU3BOAUTEILHOCTh (He 00-
nee 0,4...0,5 kr/u 6e3 yuyeTra BpeMEHM Ha TEXHOJOTH-
YecKre omepalliy BBITPY3KH HAHOITOPOIIKOB U IIPH-
BeJeHUsT 000pYI0BaHUsI B UCXOJHOE COCTOSIHUE), pa3-
o6poc no aucnepcHocTtu (0,01...30 MKM) ToJy4yaeMbIX
YyacTull ¢ 00pa3oBaHUEM CIIEKOB U arjoMepaToB, OT-
HocutenbHO Hu3Koe (1o 80...90 %) comepxaHue B
KOHEYHOM TIPOAYKTE IIEJIEBOTO COCAMHEHUS. DTH He-
JIOCTaTKU MpPeXe BCero CBs3aHbl C OOIbIIMMU TETUIO-
MOTePSIMU, KOHACHCALIME YacTUIl HAa CTeHKaX IIa3-
MOTpOHA U MOINagaHKueM HEUCITapUBLIErOCs UCXOAHO-
IO CHIPbSl B KOHEUHBIN TTPOIYKT.

KapauHnanbHoe peleHue JaHHOU MPOOJIEMBI CTa-
JIO BOBMOXHBIM C pa3pabOTKO MIa3MEHHOTO UCIapu-
TeJIsl C Ta30BUXPEBOM cTabuau3almei mia3mel. [lnas-
MEHHBII UCIapuTesib, B KOTOPOM IepepadbaTbiBaeMoe
ChIpbe BBOAUTCS B 30HY 2JIEKTPUYECKOI AYyTH, MTO3BO-
JISIET CHU3UTh OCEBYIO CKOPOCTH IJIa3MO00pa3ylolie-
ro raza 10 10 M/c pu coxpaHeHUU TeMIepaTypHbIX
ImapamMeTpoB TUIa3Mbl, KaK U B TPAIMIIMOHHBIX TJIa3-
MOTpOHaX, MpU OTOM MJMHA PEAKLUMOHHON 30HBI
YMEHbILIaeTCsl Ha TopsnokK. Mcnonib30BaHME BUXPEBOM
CTabMIM3alMM DJIEKTPOAYTOBOM TIa3Mbl 0OecIeyrBa-
€T BO3MOXXHOCTb pa3pabOTKH TEXHOJIOTUYECKOU ycTa-
HOBKM I10 TTOJIyY€HHUIO HAHOMOPOIIKOB IyTeM Iepepa-
OOTKU KPYIHOAUCIEPCHBIX MOPOIIKOB.

Bribop pabouero BapuaHTa UCIapUTEJIbHOU KaMe-
DBl 2JIEKTPOIYTOBOTO MCIHAPUTENS CleJlaH Ha OCHOBE
aHajau3a M BKCHEPUMEHTAIbHONW OLIEHKU pa3IuyHbIX
cxeM ucrapuresieit. I1pu aToM pa3padboTaHbl CIIOCOOBI
opraHu3allii BBOAA CHIPbSl B ILIA3My U yIAep>KaHWUs
3TOTO CHIPbSI B BLICOKOTEMIIEpATypPHOI 30HE 10 TOJI-
HOIl KOHBEpPCUM WJIM BBbIBEJECHUS HEUCHapUBIIEHCS
YaCTU CHIPB.

AHanu3 CyLIIECTBYIOIINX CIIOCOOOB IOJY4YEHUS
BBICOKOJMCIIEPCHBIX MOPOIIKOB METAJIOB MOKa3blBa-
€T, YTO IIJIST OpTaHU3aIIUN BEICOKOIIPOU3BOIUTEIHHOM
9KOJIOTMYECKU 0e30IacHOM TeXHOJOIMU IMOJIYYeHMS
HaHOITOPOIIKOB ¢ 3aJaHHbIM KOMILJIEKCOM XapakTe-
PUCTUK U CBOMCTB HEOOXOIMMO MMETb 3aMKHYTYIO
CXeMy MPOM3BOJACTBA JAHHBIX MPOAYKTOB. TexHOJ0-
ruJyeckasl cxemMa JIOJKHA BKJIIOYaTh B ce0s y3Jbl U
anrmnaparThl, MO3BOJISIIOLIME TepepadaThiBaTh ChIPhe U
yJIaBJIMBaTh KOHEYHbIH IIPOIYKT O0€3 BHIOpOCa €ro B aT-
Mocdepy.
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DJIeKTPOayroBas IJa3MeHHas YCTAHOBKA

OO0o01eHre OJaHHBIX O MPEUMMYIIEeCTBaX U Hemo-
CcTaTKax M3BECTHBIX M MCMOJb3yeMbIX Ha TPaKTUKE
TEXHOJIOTUYECKUX CXEM IMO3BOJMJIO CAeJaTh BBIBOII,
YTO aKTHUBALIMsI METAJINYECKUX MOPOIIKOB Haubosee
3(pdEeKTUBHO MOXET ObITh obecrneueHa npu GopMU-
POBaHUM TEXHOJOTUUYECKOIN YCTAHOBKHU MO 3aMKHYTO-
My LMKIY. Takoe TeXHMYECKOE pEILIeHHUE IO3BOJSET
MOBBICUTh KauyeCTBO HAHOIIOPOILIKA, MCKJIIOUMB €ro
KOHTaKT ¢ aTMochepoil, 00eCneynuTh 3KOJIOTMYECKYIO
YUCTOTY IPOU3BOJCTBA, CHUXEHUE CeOECTOMMOCTU
KOHEYHOTO MPOJAYKTa U MOBBILIEHWE MPOU3BOAUTEb-
HOCTHU YCTAHOBKHU 3a CUET HEMPEepPbIBHOCTU Mpoliecca
[9—12].

Peanuzanusi cnocoba mnojydyeHHs] HaHOAMCIIEPC-
HBIX TIOPOLIKOB 3JIEKTPOIYIOBOM IJIa3MEHHOU mepe-
KOHJIeHcallMeil ¢ TpeOyeMbIM KOMIUIEKCOM XapaKTe-
PUCTUK KOHEUYHOW MPOAYKIIMU 00ECTIEYNBAETCS TTyTEM
(hopMupoBaHUs 3aMKHYTOI TEXHOJOTMYECKON CXEMBbI
YCTAaHOBKU TIPU Ta30BUXPEBOI CTAOMJIM3ALIMU DJIEKT-
pOAYTroBOM IMJIa3MEHHOM 30HbI, COUETAHUU Ta30BUXPE-
BOM cemapalMy 4YacTUIl C OTAECJICHUEM MOJIy4aeMOro
MPOJYKTa B LIMKJIOHAX U Ha (DUIBTPYIOLLeH TKaHU, UC-
MOJIb30BAHUM aproHa B KAY€CTBE OCHOBHOTO TEXHOJIO-
TMYECKOTO IJ1a3M000Pa3yIOLIEro U 3aKaJl04yHOro rasa.

ITpakTnyeckoe OCYIIECTBJIEHUE TMPEITOKEHHOTO
pelieHus1 obecrieunBaeTCsl IPU BKIIOUEHUU B 3aMKHY-
TYI0 TEXHOJIOTUYECKYIO CXEMY OCHOBHBIX 3JIEMEHTOB,
MoKa3aHHBIX Ha puc. 1.

3aMKHYTbII TEXHOJIOTUUECKUI LIMKJI JaHHOI ycTa-
HOBKH, UCKJTIOYAIOIIMIA KOHTAKT OKPYXalollei aTMo-
cdepbl ¢ TEXHOJOIMYECKUM Ta30M (aproHOM) U ApYyTU-
MM TUIa3MOOOPa3yIOIIMMU Ta3aMu, C ChIpbEM, METasl-
JIMYECKUM ITOPOIIKOM ¢ pazMepoM dacTtuil 10 100 Mmxm
U TIOJIy4aeMbIM MPOAYKTOM, 00eCIIeurBaeTCsl TEM, YTO
BCE BXOJSILME B YCTAHOBKY Y3Jibl U 3JIEMEHThI Fepme-
TUYHBI, a TEXHOJIOTMYECKUH Ta3 TepeMelaeTcsl 1o Ofl-
pEOEeICHHON 3aMKHYTOM CXEME C IIOCJIEI0BATEIbHO-
MapajieIbHbIM COeAUMHEHUEM DJIEMEHTOB YCTAaHOBKMU.

®dopMmupoBaHHUe BUXPS B HCITaApUTese obecedn-
BaeTCsd IMOoJayeil TEXHOJOTMYECKOTO Tra3a 4yepes3 y3ell
ra30BUXpeBOi CTaOMIM3aLMKY [JIAa3MEHHOIO MOTOKa,
B KOTOPOM 4Y€pe3 OTBEPCTUS ra3 TAHTE€HIUATbHO OT-
HOCUTEJILHO LMWJMHIApA WCIapuTeNs IojaeTrcs Moj
KPBILIKY, SIBJISIOLIYIOCS OMHOBPEMEHHO KaTOIOM.

DJeKkTpuyeckasi ayra C peryaupyeMbIMU BOJIbT-
aAMITIEPHBIMU XapaKTEPUCTUKAMU 0Opa3yeTcss MeXIy
BOJIb()PAMOBBIMU CTEPXKHSIMM, OJMH 13 KOTOPbIX (Ka-
TOM) KPENUTCS Ha KPBILIKE UCTIApUTENsl, U30JIMPOBaH-
HOTO OT Hee, a ApYroi (aHom) — Ha UWJIMHAPUYECKON
YacTU WCIApUTEJIS, a TAKXKE BO3MOXHa (puUKcalus ay-
v ycrynowM. Jlyra crabuiausupyercs, T. €. YCTOMYMBO
VIAEPKUBAETCA B 30HE OCU LIMJIMHIPA UCTIapUTeENs 00-
pa3yloluMcsl Ta30BUXPEBbIM IMOTOKOM. [lpu omnTu-
MaJIbHOM MPOTSKEHHOCTU (OTHOLIEHWU IJIMHBI T1J1a3-
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Puc. 1. TexHojornyeckas cxeMa 3Je€KTPOAYTOBOii MIA3MEHHOI yc-
TAHOBKH C 3AMKHYTBIM HMKJIOM: [ — 103aTOp; 2 — IJIa3MEHHBII UC-
rnapuTesib — KOHAEHcATop; 3 — 2JIeKTPOAYTroBOM MCMapUTeb; 4 —
KOHJZIEHCATOp; 5 — y3eJI ra30BUXPEBOi CTAOUIM3ALMU TIAa3MEHHOTO
MOTOKa;, 6 — y3eJ yJaBAMBaHUSI U BbIBEICHUSI HEHCIIApUBLLIErocs
CBIpbsI; 7 — y3€J BbIBEIEHUS adPO30JbHOIO MOTOKA U3 KOHIEHCca-
TOpa; § — COOPHMK HEUCHAPUBILIETOCs ChIPbs; 9 — XOJOMUIbHUK;
10 — cucreMa UMKIOHOB, KiaccudUKaTopoB U (uibtpoB; 11 —
CcOOpHMK MPOAYyKTa; /2 — caHUTAapHBIN QUIBTP; I3 — KOMIIpeccop;
14 — HakonuTesb ra3oB (pecuBep); 15 — poTameTphl

Fig. 1. Technological circuit of the electric arc plasma installation with
a closed cycle: 1 — dispenser; 2 — plasma evaporator — condenser;
3 — electric arc evaporator; 4 — condenser; 5 — unit of the individual
gaseous — vortex stabilization of the plasma flow; 6 — unit for trapping
and removal of the non — evaporated raw material; 7 — unit for
excretion of the aerosol flow from the condenser; 8 — collector for the
non-evaporated raw material; 9 — refrigerator; 10 — system of
cyclones, classifiers and filters; 11 — product collector; 12 — sanitary
filter; 13 — compressor; 14 — gas storage (receiver); 15 — rotameters

MEHHOI CTpPYH K ee JUuaMeTpy) U YCTOMUMBOM TEUSHUU
IUIa3MEHHON CTpyU oOecreuyuBaeTcsl TakKol YpOBEHb
BKJIaIbIBA€MOI B Ta3 aHepruu (He 6oJiee 35 KBT * 4 Ha
I Kr chIpbsl), KOTOPbIM HEOOXOAUM Ha Harpes, UCMa-
peHMe YyacTull BBOAMMOIO B IUIa3My MOpOLIKA MeTall-
J1a, IPYTUX COCMMHEHWH W MOTUGHUIINPYIOMNX T0-
0aBOK M HarpeB YXOMASIIEro M3 KaMephl rasa.
Opraauzanusl TIporiecca MCIIapeHUs ITOpOIIKa
ChIpbsl TyTeM CTAaOMJIM3AlUU TLJIa3Mbl, HaXOMSIIEHCs
B HICITapUTEJIe BHYTPU BUXPS, KPOME TOTO, 00ECITeUn-
BaeT 3alllUTy CTEHOK armnapaTa OT 3apacTaHMsl adpo-
30JIeM, YMEHBIIAeT TeIJIOBBIe MOTEPU M TIOBHIIIACT
CTeNeHb UCIAapeHUsl UCXOJHOIO ChIpbsi. DTO, B CBOIO

ouepe.b, MO3BOJISIET OPraHN30BaTh HETIPEPBIBHBIN MTPO-
LIeCC MCIapeHusl UCXOAHOIo MOpolliKa B Ijia3me, 1o-
BBICUTb ITPOU3BOIUTENIHLHOCTh YCTAHOBKY U YBEIUYUTH
pecypc HEMPEPHIBHOM €€ padOoTHI.

ITapora3oBblii TOTOK 13 30HHBI TJ1a3MBbI TTIOCTYTIAET B
KOHJIEHCATOp, TIe IMPOXOAs Yepe3 COIUIO W pacCIInupsi-
SICh B 00BEM, JOTOJHUTEIbHO OXJIaXAAETCSI TEXHOJIO-
TMYECKMM Ta3oM, MOAaBaeMbIM paguajbHO IIOTOKY
yepes3 OTBEPCTUSI U3 0JIoKa pachpeAceHUs] U Peryiau-
pOBaHUS pacxoja Ta3oB 4Yepe3 poTaMeTp M BEHTUIb.
ITpoucxoauT KoHAEHcAlLMs MapoB MOJy4aeMOIro KO-
HEYHOI'0 MPOAYKTa CO CKOPOCThIO HE MEHee 100 K/c.

OO0pa3yIoUMiics a3p030IbHbIN MTOTOK (HAHOAUCIIEP-
CHBIE YaCTUIIbI U TEXHOJIOTMYSCKUI ra3) 4epes y3ell
€ro BbIBEIEHUSI U3 KOHJEHcaTopa IMOCTyIaeT B X0J0-
JUJIBHUK — TEIJIOOOMEHHUK C BOAOOXJIAXIAEMON py-
b6amxkoi. OxmaxnmeHHblii 1o Temiepartypsl 20...30 °C
adpO30JIbHBIM MOTOK W3 XOJOIWJIbHMKA IOINagaeT B
00beM LIMKJIOHOB U pabouero (gpuiabTpa, rae mpoucxo-
JUT yJIaBIMBaHWE HAHOAMCIIEPCHOro mopoluka. Tex-
HOJIOTMYECKMIA Ta3 JOIMOJHUTEIBLHO OUMILAETCS C MO~
MOIIIBIO CAaHUTAPHBIX (PUABTPOB (HANpUMEp, TKaHU
IleTpsiHOBa), MOCTyMaeT B HAKOMUTEb Ta30B U Jajiee
MocJjie KOMIPEMUPOBAHUS C TTOMOILBIO MEMOPAHHOIO
KOMIIpeccopa MoJaeTcsl B HAKOMUTENb Ta30B, a U3 HEro
B OJIOK pacrpeicieHUs] U PeryJupoBaHUsI pacxonaa
TeXHOJIOTUYECKMX ra3oB. TakumM 00pa3oM, TEXHOJIOTH-
YeCKMi 1IMKJ YCTAaHOBKM 3aMblKaeTcsl U obecrieurBa-
eTCs eT0 3KOJOoTUYeCcKast YUCTOTA.

CoxpaHeHMe aKTMBHOI COCTaBJISIIOLIECH MeTasliu-
YECKOTr0 MOpOoIlKa U MPEeNOTBPAIIEHUE €r0 CAMOBOC-
TUIaMEHEeHMsI o0ecreuynBaeTcsl Ha YCTaHOBKE C Tpef-
JIaraeMoi TEXHOJOTUYECKON CXEMOM Osarogaps Tomy,
yTOo 0€3 OCTAHOBKM IIpoliecca B LIEJIOM MPOBOIUTCS
MepuoanyYecKasl BbIrpy3Ka MOJIy4aeMOro MpoayKra u3
LIMKJIOHOB U C GUIBTPYIOLLEH TKaHU pabouero puib-
Tpa 0e3 HapylleHUs] TEPMETUUYHOCTH TEXHOJOTHYEC-
Koil yctaHOBKM. Omepaliysi BBIIOJHSETCS B TepMme-
TUYHOM OOKCe, 3al0JJHEHHOM MHEPTHBIM ra3oM (Ha-
npuMmep, azotoMm). Ilocie repMmeTusanuum COOPHUK C
MPOAYKTOM BBIBOAUTCS U3 OOKca.

Jlo3upoBanue ChIpbs

OCO00EHHOCTBIO CHIMYYMX JUCIEPCHBIX MAaTePUAJIOB
SIBJIIETCS] CKIIOHHOCTD MX K 3aBUCAaHUIO, CBOI000pa30-
BaHUIO U CJIEXKUBAHUIO MPU JO3UPOBAHUU.

Haubonee 3HaUMTEIbHBIM HEAOCTATKOM CYIIECTBY-
IOIIMX JO3UPYIOLIUX YCTPOUCTB SIBJISIETCSl Majiasl TOY-
HOCTb J1I03MPOBaHMSI, OO0YCJIOBJIEHHAasd CUJIbHOM 3aBM-
CUMOCTBIO pacxojia MOpollKa OT CaMOIPOU3BOIbHbBIX
KoJIeOaHUI CUCTeMbI JO3MPOBaHUs (MyJIbCallUU TTHEB-
MOTpPaHCIIOPTHOTO Taza, oOpa3oBaHME U pa3pylleHue
KOaryJisiToB B nopoliike). B cBsI3u ¢ TeM, 4To KauecTBO
MOJly4aeMoro MpoayKTa C MPpUMMEHEeHWEeM TIa3MEHHOM
TEXHOJIOTUM CYILECTBEHHO 3aBUCUT OT KOHLIEHTpAIIUU
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ChIpbSl B TIJ1azdMe, J03aTOPbl JOJIKHBI YAOBJIETBOPSTH

CJIeNYIOUIMM OCHOBHBIM TPEeOOBaHUSIM:

e TIOfAYa JO3MPYEMOro MaTepuasia JoJXKHa ObITb
PaBHOMEPHOM M TI0 BO3MOXHOCTM MCKJIOYaTh
MmyJbcalinio, (UKCUPYEMYI0 BU3yaJlbHO (IIpOBepsi-
€TCsl XapaKTepoM BbIOpOCa ChIphsl U3 103aTOpa B at-
Mocdepy npu ero pabore);

e TI0/a4a ChIPHSI NOJKHA OCYIIECTBIISITHCS C YCTAHOB-
JIEHHBIM pacXoJ0M U KOHTPOJMPOBATHCS B IPOLIEC-
C€ TO3UPOBAHMUSI.

BBuny cyliecTBEeHHOTo pasiuyus (PpU3NKO-XMMMU-
YECKUX CBOMCTB TMPUMEHSIEMbIX TOPOIIKOB, 3aBUCS-
IIMX OT I'PaHyJOMETPUYECKOTO COCTaBa MpuMecell u
polla Matepuaja, mpolecc A03MPOBAHUS MPEBPAIACT-
Cs B OJIHY U3 CEPbE3HBIX 33Ja4, KOTOPYIO HEOOXOIUMO
peliaTh Tepea M3yYeHUMEeM KOHKPETHOTO IIpollecca
IUIa3MEHHOM TMepepaboTKU MaTepuana.

brina ucciaegoBaHa BO3MOXHOCTH pabOTHI C U3-
BECTHBIMU JO3UPYIOLIMMU YCTPOMCTBAMU, TAKUMU KaK
BUOpPALIMOHHBIN, IITHEKOBBIN, MOPIIHEBON, U C OXMU-
JKAIOLIUM 3JIEMEHTOM — Ta30BbIMU CTPYSIMM.

Haubonee HagexxHOEe U paBHOMEPHOE JO3UPOBaHe
o0ecreynBaeTcsl Ha MOPUIHEBOM J103aTOPE 1 103aTOpE
¢ oXuxawuum yctpoiictBoM. IlopiiiHeBoil mo3aTop
XOpOIIIO paboTaeT ¢ JObBIMM MaTepuaiaMu, UCITOJb-
3yeMbIMU IJISI HApaOOTKU MPOAYKILUU, HO TIJIOXO Mac-
mrabupyercs, T. €. OH B OCHOBHOM NPUMEHUM K Jia-
0opaTOpHbIM ycTaHOBKaM. [o3aTop ¢ OXUXKaroluM
YCTPOMCTBOM XOPOIIIO MOAEJIUPYETCS 10 OMBITHO-TIPO-
MBbILIJIEHHBIX MacIITab0B, OTHAKO HEYIOBJIETBOPUTEIb-
HO paboTaeT C MOPOIIKOBbIMU MaTepuaiaMu, odJiaaa-
IOLMMU TJIOXOM CBhINyYeCThblO, YTO MOXHO YCTPAHUTh
MpeIBapUTEIbHON TOATOTOBKOM IMOPOLIKOB, MPUIAB
UM XOPOIIYIO ChIMYYECTb.

OcCHOBHbBIE Y3JIbI ILIA3MEHHOTO MCHAPHTEIA

IIpoGnemMa KOHCTpYyMpPOBaHUS ILIa3MEHHBIX MCIa-
puTesei 3aKIIo9aeTCs B TOM, YTOOBI 00eCTIeYnTh Han-
0oJiee MOJHOE BHEAPEHUE ChIPbSl B IUIA3MEHHBIN ITO-
TOK, YMEHBIIUTb AEUCTBUSI pa3IUUYHOIO poaa ¢akTo-
pPOB, TIPUBOMASAIIMX K MUTPALIMU AUCTIEPCHOU (a3bl U3
30HBI TepepabOTKU, YCTPaHUTh 3apacTaHue TBEPIOK
(¢azoii y3710B BBOAA ChIPbS, DJIEKTPOAOB, CTECHOK peak-
LIMOHHOM KaMephl ¥ BBIXOMHOI auadparMbl, obecrie-
YUB MPU 3TOM JOCTATOYHO JIIMTENbHBINA pecypc pabo-
Thl VICTIApUTEJISL.

CyMMa OTAENbHBIX pelleHUil, anpoOUpOBaHHBIX
Ha HECKOJbKMX MOJENAX, OAHO3HAYHO Ompeaenia
KOHCTPYKTUMBHBIA BapuaHT, KOTOPbIA MOTPeOOBa 3K-
CHEPUMEHTAIbHOK JOBOAKM.

OnTtuMaibHbIM B HauboJjiee MepCrieKTMBHOM Ba-
pUaHTe ciielyeT paccMaTpuBaThb MCHAPUTENb, BKIIIO-
YaloLIUM:

— BBOJI, IOPOILKOBOTO ChIPbSl HEMOCPEICTBEHHO B
JYrOBOM KaHal,
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— BBO/I TTOPOIIIKOBOTO CHIPBS TTI0 OCU BUXPEBOI Ka-
MephbI;

— MPUMEHEHUE CTeP>KHEBBIX DJIEKTPOAOB;

— CTabWJIM3AlIMIO BJIEKTPOIYTOBOK TJIa3Mbl T10
LIEHTPY PeaKlMOHHON KaMephl.

Ocoboe cocTossHrE TIa3Mbl B BUXPEBOIM KaMepe —
JIOKaM3aius ee Ha OOJIbIIOM PacCTOSIHUMU OT CTEHOK —
HaKJIaIbIBAET U 0COObIe TPEOOBAHMST K KOHCTPYKIIMSIM
y3JI0B, PacIOJIOKEHHBIX B pEaKIIMOHHOM O0ObeMe.

ITHeBMOTpaHCMOPTHBIN U KAaTOAHBIN Y3JIbl KOHCT-
PYKTMBHO pPAcIOIOXEHBl Ha BepxHeW KpbIke. [1pu
BbIOOpE CXEMBbI TTOAAYM ChIPbSI THEBMOTPAHCIOPTHHIM
cnocoOOM MO OCU BUXPEBOM KaMephl KakK Hauboee
ONTUMAaJIbHOM (TToAayYa Moj yrioM K OCU KaMephl Tpe-
OyeT paccMaTpuBaTh B KaxIOM KOHKPETHOM ciydae
B3aMMOJEHCTBHE TMOTOKOB IUIa3Mbl M MMHEBMOTpaHC-
MOPTHOTO TOTOKA), B pa3paboTaHHO KOHCTPYKIIMU
TJIa3MEHHOTO MCITapUTeIsl KaToJ MPUILILIOCh CMECTUTh
OT OCH Ha HEKOTOPOE PACCTOSIHUE.

Bropoit 0coGeHHOCTBIO KAaTOAHOTO Y3Jia SIBJSIETCS
BBISIBJIEHME HauOosiee OJaronpusITHON TOUKU IIpU-
BSI3KM JYTY B peakKIMOHHOM TpocTpaHcTBe. Heobxo-
IUMOCTb pellleHUs 3TOM 3agavyu BbI3BaHA TEM, YTO B
BUXPEBOIl KaMepe CYILIECTBYIOT OOpaTHbIe TEUEHMUSI.
OKoOJIO BEpXHEI KPBIIIKY ra30Bble IOTOKM pa3BOpaun-
BalOTCsI, a AUcHepcHas ¢asza 1Mo MHepLUU MomnagaeT Ha
KpoIKy. [Ipy Hamuuum ropstyeid 30HBI Ha KPBIIIKEe
(KaTomHOE TSITHO) MOPOIIOK MOATIABSETCS WIN CIie-
KaeTcsl B 3TOM MeCTe M MPOMCXOIUT €T0 OTIOKEHUE B
ropsiyeit 3oHe. Kak MokasbIBalOT 3KCIIEPUMEHTHI, Ka-
TONHBIC Y3JIBI 3apacTaloT AaKe NMPU HAIMYMU 3allUT-
HOI Ta30BOM 3aBeChl (YUCTHIN Ta3), CO3AaBaeMOIl BOK-
PYT TOUYKM MPUBS3KU AYTHU.

Pa3zpaboTtaH KaTOOHBIA y3€s1, B KOTOPOM ITHEBMO-
TPAaHCOOPTHBIA y3€J1 COBMEILIEH C KPBIIUKON U M3ro-
TaBIMBaeTCsl U3 Meau. 3a CYET XOpOUIel TeIIoNpo-
BOIHOCTHY MENM y3eJI CAeJlaH MaCCUBHBIM, BOJIA TAJIEKO
OTHECeHa OT 30Hbl BO3MOXHOI mocaaku ayru. Mzo-
JISIUMST ITHEBMOTPAHCIIOPTHOM TPpyOKM OT KPBILIKWA HE
TpebyeTcs.

Ilpy ycTaHOBKE HECKOJbKUX BOJb(MPAMOBBIX
CTepXXKHEe Ha OMHOM JAMaMeTpe KaTOAHOIO y3ja pe-
cypc paboOTHl KaTOTHOTO y3/Ia YBEJIMYMUBACTCS POBHO
BO CTOJIbKO pPa3, CKOJbKO CTEpXKHEH YCTAaHOBJIECHO.
CTepXHU XelaTeJIbHO YCTaHAaBIWBATh IPYT IPOTHUB
apyra. Hermioxum BapuaHTOM SIBJISIETCSI YCTaHOBKA
yeThIpex crepxkHeil. X ymoOHO KpenuTh, IIpu 3TOM
HE MPOMCXOAUT 3apacTaHUsl MMHEBMOTPAHCIOPTHOIO
y3Ja ¥ TIpA HEOOXOAUMOCTHU CTEPXKHU JOCTYITHBI JJIST
YHUCTKMU.

PaGoumnit KoHell CTEpXXKHEBOIO aHOAA Yepe3 KOPIycC
HCrapuTessl BBIHECEH Ha TpaHUILy MJIa3MEHHOro Io-
Toka. HeobXonnMMoCTh TaKOro pacrojoXeHusi o0yc-
JIOBJIEHa PSIIOM MpPUYMH. Bo-mepBbIX, ycTpaHseTcs
KOHTAKT TOYKU MPUBSI3KU JYTU C TTOPOLIKOM, MUTPU-
pPOBaBIIMM M3 IUIa3Mbl M OTOPOIIEHHBIM BUXpPEM Ha




CcTeHKY. Bo-BTophIx, obecrieunBaeTcs puKcalus KOH-
11a YT Ha HEM TTPpYU TOPEHUU IIEKTPUIYECKOI AyTH Ja-
e 0e3 uzonsuuu ero kopnyca. [lociaegHee ocobeHHO
BaXXHO TPU UCIOJIb3yEeMOW CUCTEME 3aKUTAHUS NYTU:
Jlyra 3a>KMraeTcsl B 3a30pe MeXIy KPbILIKOW U KOPITy-
COM MCMapuTessi U BbIAyBaeTCsl ra30BbIM BUXPEM Ha
BJIEKTPO/bI.

B mpouecce onTtumuzaliMM McHapurtesist B LESX
VIEIIEBJIEHUS U3rOTOBJIEHUS aHOMHBIX Y3JIOB, YCTpa-
HEHUS MOIaJaHUus OXJaXIaeMOW BOIbl B CUCTEMY U
YMEHbIIIEHUS ra30AMHaMUYeCKUX BO3MYILIEHUI B pe-
aKIMOHHOW KaMmepe cielaH pacyeT ONTUMAaJIbHOIO
IMaMeTpa paauaTopa aHOJHOTO CTEPXXHS U ONpeneiie-
Ha MakCMMaJlbHas JUIMHA, Ha KOTOPYO BO3MOXHO yJa-
JICHUE OXJIAXAIOIICH BOJIBI.

PaGouuit BoabpaMoOBBIil CTepKEeHb C YacThIO pa-
IraTopa MOXHO cAelaTh CheMHBIM. 3aMeHa e€ro Ha
HOBBIII He TpeOyeT M3TOTOBJICHUS YacTW pamnaTopa,
oxiaxnaeMoin Bomoi. Pecypc paboThl gocTturaeTt npu
stoM 250...300 4, YTO YCTAaHOBJIEHO 3KCITIEPUMEHTAIBHO.

KoncTpykuusa ucnapures

Hdnsa yBenmmueHUs pecypca HEMpPephIBHON pabOTHI
HACTIAPUTEINIS, YIYJIIeHUs KiacCH(UKAIUKA ToTyJdae-
MOTO TpoayKTa Oblaa pazpaboTaHa cxeMa BbIBOJA He-
repepaboTaHHOTO CHIPhSI HEMOCPEACTBEHHO U3 HCTa-
pHUTEJIS.

ITo aTOif cxeMe 4YacTh CHIpbsi, BBHIOpOILIEHHAs M3
IUIa3MEHHOI 30HbI MCHapuUTes, MoManaeT B nepude-
PUITHYIO 30HY U BMECTE C BUXPEBBIM (CTAOMIU3UPYIO-
IIMM) Ta30M IOMaaaeT B HAKHIOIO YacTb UCTIApUTENs,
IJe pacrojioXeHa Kamepa yiaaBiuBaHMs. M3 Kameps
yJIaBIMBaHUS ChIPbE UYEPE3 OTBEPCTUSI BMECTE C YaCThIO
CTAOWJIM3UPYIOLIETO Ta3a MOCTYNAaeT B LIMKIIOH, [Ie TMOo-
POIIOK OcaxaaeTcs, a ra3, Mpoas TKaHeBbIN PUIbTD,
BO3BpAIIAeTCsT B LIMKIL.

ITo Mepe HaKOMJIEHUS CHIpbS B LIMKJIOHE IPOBO-
IUATCS TIepHoanYecKas ero BBITpy3Ka. DKCIEPUMEH-
TaJIbHO YCTaHOBJIEHO, UTO IOJIHbII BbIBOA Helepepa-
OOTAaHHOIO ChIpbSl U3 MCIApUTENs obecreynBaeTCs
MpU YCJIOBUHU, YTO pacxoj rasza cocrasuset 10...12 %
OT pacxoja CTadOMIM3MpYIOLero ra3a. BeiBoa Takoro
KOJIMYECTBA ra3za yepe3 Kamepy yJaBIUBaHUSI HE OKa-
3bIBae€T 3HAUUTEJILHOTO BJIUSHMSI HU Ha CTaOuWIM3a-
LIMIO TIJIa3Mbl, HA Ha 3alIUTy KOH(pY30pa, HU Ha Tem-
JIOBOI peXrM MCHAPUTEIS.

MarepuanbHBIi OalaHC NepeKOHAeHC AU UCXO/I -
HOTO TIOPOIIIKa ¥ MUKPOCKOTTMYECKUI aHAJIN3 CHIPhS,
BbIBOAMMOIO M3 UCHApUTesl, MOKa3bIBAET, YTO KO-
JIMYECTBO ChIPbsI, BBIOPOIIEHHOIO W3 IJIa3MEHHOM
30HBI MCITApUTENIS IIPU paboTe Ha aproHe, COCTaBJIsIeT
5...10 % ot o0111eTO KOJIMYECTBA CHIPhS, TTOAABAEMOTO
Ha MCIapuTelib, a pa3Mep YacTUll BbIBOAUMON (hpak-
uuu 25...50 MKM.

YaaBiuBaHue NMOPOUIKOB

YiaBnuBaHUE MOPOIIKOB KaK MPU MX TOJIYYCHUH,
TaK Y MCIIOJb30BAaHUM OCYLIECTBJISICTCS Ha MPAKTUKE
paznumyHbBIMU ciocobamu. Haubonee pacopocTpaHe-
HO YJIaBJIMBaHWE MEJKMX MOPOIIKOB W IbUIM ITyTEM
uabTpalny 3aIbIJIEHHBIX ITOTOKOB Yepe3 TKaHb, Oy-
Mary, CTeKJISTHHYIO WJIU XJIOMYaToOyMaXkHYIo BaTy, CION
KyCKOBOTO MaTepuasa 1 T. T. Takke 1IMpOoKoe Mpume-
HEeHME B MPOMBIIUIEHHOCTUM HAITM METOIbI 3JIEKT-
pOCTaTUYECKOIO YJaBIMBaHUS MOPOIIKOB B 3JEKTPO-
¢unprpax. Kpome TOro, ynapiuMBaHuE IIOPOIIKOB
MPOBOISIT METOAAMU MOKPOI'O Y MHEPLIMOHHOTO YJIaB-
JIMBaHUS B CKpyOOepax, LIMKIOHAX M MHEPIMOHHBIX
yJaBavBaTesIX.

B cBsA3M ¢ yHUKaTbHBIMM CBONCTBAMM HAHOIWC-
MEePCHBIX METAIOCOIepKAIIMX TMOPOIIKOB (IMTOBBI-
LIEHHO! XMMWYECKON aKTUBHOCTbHIO, MaJIbIMU pa3Me-
pamu) 3deKTUBHOE ylaBIMBaHUE UX 0€3 U3MEHEHUS
(bU3UKO-XMMHUUYECKHX CBOMCTB Jierye Bcero, Kak rmoka-
3bIBACT aHAJIN3, OPTAaHM30BATh C MTOMOIIBIO TIJIOTHBIX
TKaAHEBBIX GUIBTPOB WM LIMKJIOHOB C OOJIbIIMMU TaH-
TeHIIMATBHBIMA YCKOPEHUSIMH.

B uensix mogbopa puiIbTpyOIINX TKaHEH, obnana-
IOLIUX YIOBJIETBOPUTEIBLHON CTEIMEeHbIO YIaBIWBaHUS
IUCTIEPCHBIX TIOPOIIIKOB M JIETKO OCBOOOXIAEMBIX OT
JUCTIEPCHBIX MaTepuaaoB MpU BCTPSIXMBAHUU, ObLIU
MPOBEICHBI NCITBITAHUS HECKOJBKUX BUIOB TKaHU, B
TOM 4YHCJI€ CTEKJIOTKaHM, OaliKi YMCTOLIEPCTSIHOM,
XJIOIMYATOOYMaXKHOM — TuMa "OGebTUHT" ¥ TKAHU JIaB-
CAHOBOM.

Haunbonee noaHo ynoBneTBoOpsieT TpeOOBaHUSIM K
Mpoleccy YJIaBlIMBaHUS IUCIEPCHBIX IOPOIIKOB U
OYMCTKU GUIBTPYIOLIEH IMOBEPXHOCTU JaBCaHOBAs
TKaHb, apTukyna 56049 mau 56050.

DKCIEepUMEHTAIBHO YCTAaHOBJIEHO, YTO Y3eJ yJaB-
JINBaHUs, c(hOPMUPOBAHHBINI Ha OCHOBE JIaBCAaHOBOI
TKaHW B KadecTBe (PUIBTPYIOIIETO MaTepuaja, Xa-
paKkTepusyeTcs CASAYIOIMMUY ONTUMAIbHBIMU 3HAYE -
HUSIMH:

— rasoBas Harpy3ka Ha ¢puinbTp — 100...125 HM3/‘{;

— Mepemnaj JAaBl€HUS] M1 YUCTOM TKaHU —
20...40 MM pT. CT.;

— MaKCHUMaJIbHO JOITyCTUMBIN mepenan naBIeHus —
200...280 MM pT. CT.;

— TIPOLICHT YJIaBJIMBAHUS TOPOIIKA TTOCiIe "co3pe-
BaHus" QWIBTPYIOLIE TKaHU He MeHee 99 %.

B HacTosiiiee Bpemsi yjiaBiMBaHME HaHOAMCIEPC-
HBIX TIOPOIIKOB B TEXHOJIOTUYECKUX CXEMAaX BBITTOJIHS -
€TCsl pyKaBHbIMU TKaHEBbIMU (PUIbTpaMU. Y3IIbl yiiaB-
JIMBAHUS JaXe IMPU OTHOCUTEIBLHO HEOOBIINX II0-
BEPXHOCTSIX ynaBiauBaHus (F = 1,2 M2) OTJIMYAIOTCS
OOJILIIMMU TA0APUTHBIMU pa3MepaMM U CJIOKHOCTBIO
B CBSI3U C HAJIMUMEM Y3JIOB BCTPSIXMBAHUS, OOYAUTE-
JIEWM U CIIeUMaJIbHOM 3allOPHOM apMaTyphl.

ITocne ynaBnuBanus 1,5...2,0 Xr HaHOMOpOIIKa
nepenajg Ha (UIbTPE CTAHOBUTCSA OOJBIIUM W IS
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MpOAOIKEeHUs JajbHElIeil HapaboTKu HeoOXxoaruMa
ero ouucrtka. Beirpyska ¢ dunabTpa TpedyeT OTKIIIO-
yeHus ero (o rasy) OT CUCTEMBI, T. €. HEOOXOAUMO
WJIM TIpepBaTh MpoIecC, WIK MEePexXoauTh Ha pe3epB-
HbIi GuabTp. I1pu MpouU3BOAUTEILHOCTU YCTaHOBKU
2 KT/4 ¥ BBbILLIE CTAAUSI BBITPY3KM CTAHOBUTCS TPYIO-
eMKoii. B cBsI3u ¢ 3TuM ObLIM Ha4yaThl pabOTHI C LIMK-
JIOHHBIMU YJIOBUTEJISIMA, OCHOBHOE Ha3HAYeHHUE KOTO-
DPbIX — CHU3UTb Harpy3ky Ha pykaBHble (DUJIBTPHl U
YMEHBIINTh YaCTOTY BBITPY3KM M3 HUX IIPOIYKTA.

DKcnepuMeHTAIbHbIE MCCIENOBaHUS LIMKJIOHHBIX
YJIOBUTEJIEM HAHOMOPOIIKA ObLIM MPOBEACHBI HA YC-
TAaHOBKE, COCTOSILENW M3 BUXPEBOU KaMephbl, ra30BOM
paMmIIbl, 1o3aTopa MOPILIHEBOro TUIa U (GUIbTpa yiIaB-
JINBAaHUST PYKABHOTO THIIA.

AHa/lu3 TOJIyUeHHBIX pe3yJbTaTOB I10Ka3bIBaeT,
YTO CYIIECTBYET peaybHasi BOSMOXKXHOCTD YIaBIMBaHUS
Ha 1ukiIoHax 10 80 % HaHomopolnka. Takum oGpa-
30M, HMCIOJb30BaHUE LIMKJIOHOB ISl YJIaBIUBaHMUS
HaHOMOPOIIIKa B HECKOJBKO pa3 yBeJUUYMBaeT BpeMsl
HEMpepbIBHOM paboThl (PUIABTPOB U CYILIECTBEHHO 00-
JIeT4aeT pelieHue MpoOJieMbl BBITPY3KHU MOJYYEHHBIX
MOPOIIKOB M3 TEXHOJOTMYECKON YCTAaHOBKU uepes
CcOOpHMKU MPOAYKTa U3 O0Kca, IPOAYyBaEMOIO UHEPT-
HBIM Ta30M (HaIlpuMmep, a30TOM).

B cymiecTByOmMMX KOHCTPYKIIMAX 3IEKTPOTYTOBBIX
IJIa3MOTPOHOB M TJIa3MEHHBIX PEaKTOPOB KaTOMHbBIC
y3J1bl BBITTOJTHEHBI B OHOM IJIOCKOCTH ("'3amoainio’)
C HecCyllel KOHCTPYKUMEN Y IJIaBHOU Uleedl KOHCT-
PYKIMM SIBJISIETCS MaKCMMaJibHasl TeruiooTaada ¢ Ka-
ToAa, YTOOBI 3JIEKTpUUeCcKas Iyra padorania ¢ "TOUKH"
XOPOUIO OXJIaXIAEMOI0 KaToa Jisi yMEHbILIEHUs 3PO-
3UM pabOYEro 3JieMeHTA.

B npennaraeMoii KOHCTPYKIIMU KaTOA HaXOJUTCS
Ha KpbIIIIKe UCTapUTesIsi U BBIHECEH Ha IpaHUILy IL1a3-
MBI, CBIPbE TTOAAETCS TAKKE C KPBILIKM, HO IO OCH MC-
nmaputessi. HaxoxneHue kaTona Ha rpaHULE TIa3Mbl
00YCJIOBJIEHO TEM, YTO Ha KPBIIIKE CYIIECTBYIOT OYCHb
CWIbHBIE TPUCTEHHbIC TEUEHMsI, HampaBJIeHHbIE K
LIEHTPY KaMephl, 1 paboTa 3JeKTPUIYECKON IyTU B HE-
MOCPEACTBEHHON OJM30CTU K KaHaly MOJayu ChIphbsl
HEMUHYEeMO "3aIUIaBUT" 3TOT KaHasl. HoBBIMU TeXHM-
YECKHMMMU PElICHUSIMU B IMpeajaraeMoil KOHCTPYKIUM
SIBJISIIOTCSL CJIEAYIOLIIME.

1. BeiHOC KaTona Ha TpaHMIy IUIa3MEHHOI 30HBI,
HUCKIIIOYAIONIMi 3a0UBKY TTHEBMOTPAHCIIOPTA.

2. Katon u mHeBMOTpaHCIOPT HAXOASATCS B OXJIaxK-
JlaeMOM 30He, YTO TMO3BOJISIET U30eXKaTh MECTHOIO Ha-
rpeBa B 30HE MOIAYM CHIPhS M KPETUIEHUs KaToma.

3. BonbhpamoBbIil cTepXeHb KaToma MOMelIeH B
rpaduUTOBYIO "pydaIIKy", 9TO YBEIMINBACT CPOK CITYK-
OBl 571eKTpoAa B 3...5 pa3 mo OTHOIIEHUIO K padoTe
HEIMOCPEACTBEHHO OJHOIO BOJIL()PAMOBOTO CTEPXKHS
6e3 "pybamku”. BoabdpaMoBbie CTEpKHU, TPUMEHS -
eMble TIpy paboTe Karona, UMEIOT auameTp 4...8 MM.

HMcnonb3oBaHUEe AaHHBIX KaTOAOB OOecrevyuBaeT
ra30BUXPEBYIO CTAOMIM3ALMIO TUIa3MEHHOM CTPYH, M03-
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Puc. 2. CooTHOmEHnEe reoMeTPHIECKAX Pa3MePOB ILIA3MEHHOTO MC-
napureis: / — momava rasa; 2 — CTeHKa Kamepbl; 3 — KOHby30p;
4 — aHom; 5 — KpbIlIKa

Fig. 2. Correlation of the geometric dimensions of the plasma evap-
orator — condenser: 1 — gas supply; 2 — chamber wall; 3 — confusor;
4 — anode; 5 — cover

BOJISIET YJIYYIIUTh KAa4eCTBO YJIbTPa- M HAHOIOPOIII-
KOB, NMPUBOAUT K TOBBIIIEHUIO 3KOHOMUYHOCTHU 3a
CUET YBEJIMYCHUsSI pecypca pabOTHl 3IeKTpoaa.

ITpu paszpaborke crocoba MoJaydyeHUs YabTpa- U
HAHOAMCIIEPCHBIX METAJICOAEPKAIIUX MOPOIIKOB IO
TEXHOJIOTUU 3JIEKTPOAYTOBOM IIa3MEHHOU MEePEKOH-
JeHcallMM ObUIM YCTaHOBJIEHBI CJIEOYIOIINEe 3aKOHO-
MEpHOCTH.

1. TeyeHuss B MPOTSDKEHHBIX BUXPEBBIX Kamepax,
THTIA TUKJIOHHBIX, CYIIECTBEHHO MEHSIIOTCS B 3aBHCH-
MOCTH OT COOTHOIIIEHUSI BHYTPEHHETO TMaMeTpa BUX-
peBoii Kamepsl D 1 BHYTPEHHETO TUaMeTpa BEIXOTHOTO
otBepctust d (puc. 2). Ilpu coorHomenun D/d < 3 Te-
YeHMST TNOO0 HEYCTOMIMBEI, TUOO TMOTIMHSIIOTCS 3aKO-
HY KBa3UTBEPJOTO BpallleHUS, T. €. OTHOIIEHWE YIJIO0-
BOM CKOPOCTH K PaIAMyCy KaMephl SABIISICTCS BEIMIM-
HO#1 TTocTOSTHHOM (w/R = const).

Takum ob6pa3om, Mpy U3BMEHEHUHU paauyca KaMephl
VIJI0Basi CKOPOCTh TEXHOJIOTMYECKOTO Ta3a TakKe W3-
MEHSIeTCsI, HO UX COOTHOIIEHUE /R SBISIETCS BEIU-
YUHOM TOCTOSSTHHON M 3aBUCHUT TOJBKO OT 3HAYCHUS
CKOPOCTH TOIayM TeXHOJOrMueckoro rasa. KapruHa
pe3ko meHsieTcs npu D/d > 3. B aToM ciyuyae Tede-
HUE TTOMYMHSIETCS 3aKOHY COXpaHEHMS UMITYJIbCa, T. €.
®R = const; T. . TpU YMEHbBIIIEHUH pagnyca CKOPOCTh
pacteT. TakuM 06pa3oM, Bce IpeaiaraeMble K UCIIO0JIb-
30BaHMIO UCTIAPUTEIN-KOHIECHCATOPHI BEITTOITHEHBI 11O
cooTHolueHuio D/d > 3.

2. C usMeHeHMeM [JIMHbI U o0beMa KaMepbl
BCJIEACTBUE TPEHUS Ha CTEHKaX YIjoBas CKOPOCTb IO
ee JUTMHE TaJaeT, 9YTO TaKke HeOOXOTMMO YUUTHIBATD.
Kpowme Toro, mapaMeTpsl 1o JIMHE U 00BbEMY 1T KaX-
JIOTO WCITAPUTENST MHINBUAYATbHEI M MX PACCUYNTHIBA-
I0OT C Y4YeTOM HE€ TOJbKO I'€OMETPUYECKUX Pa3MepoB




arrapara, HO U XapaKTepUCTUK TEXHOJIOTUYECKOTO ra-
33 U CKOPOCTH €r0 TMOJayu.

3. JIns co3maHusl 4yeTkoi (6e3 MaccooOMeHa Iuias-
Mbl U XOJIOJAHOIO Ta3a) rjia3MeHHOI 30Hbl HEOOXOaU-
Mbl YCJIOBUS HA BBOJE, T. €. JOJDKHO OBbITh BbIAEPKAHO
COOTHOIIIEHUE MEX]Y PacXolOM Ta3a W YIJIOBOM CKO-
POCTBIO 3TOro rasza. Takue COOTHOLUEHUSI HYXKHBI TSI
CO3[1aHMS 3aBUXPUTEIICH.

CoOTHOllIEHHE TEOMETPUYECKUX Pa3MepoB I1a3Mo-
TpoHa, a uMeHHo D/d > 3, tne D — nuameTp KaMepbl
ucnaputensi, d — aMaMeTp BbIXOIHOM YacTu McHapu-
TeJisd, YBEJUUMBAIOT CTEeNeHb KOHBEPCUH, YJIydllatoT
KauyeCTBO MPOAYKLMHW U TOBBIIAIOT 3KOHOMUYHOCTh
CaMOU yCTaHOBKM.

IIpu pabote ucnaputess (MIa3MOTPOHA-KOHIEH-
caTropa) He0oOXOIMMO UCKJIFOYUTh BO3MOXHOCTD IOTa-
JlaHWUSl B LIMKJIOHBI U Ha (PUABTPHI HEUCMapUBILEHCS
YacTU ChIpb U 00pa3yroluxcs criekoB. st ux BbIBe-
JIEHWSI U3 TeXHOJOTUYECKOTO LIMKJa B HUXKHEW YacTu
HCITapUTENIS TIPEAYCMOTPEHA EMKOCTD, YIaBIWBato1Ias
HercrnapuBlleecs Chipbe U crieku. EMKOCTh mpencTas-
JIsIeT Co0O0i LMJIMHAP C KPBIIIKOM, PacIoOKEeHHBIN
ropu3oHTajabHO. M3 3TOl eMKOCTU MepuoanvecKu He-
00X0IMMO OCYILECTBJISATh BBITPY3KY OTXOMIOB.

IlpumeHeHWe JAHHOW KOHCTPYKLIMHU I103BOJISIET
yJydylllaTh Ka4eCTBO MOJy4aeMOW MPOAYKUMU, 0Oec-
rnevyrBas y3KopakilMOHHOE paclpeiesieHUue 4acTUll
MO IUCIEPCHOCTU.

IIpennoxeno npu paboTe Ha UCIIapUTeIe-KOHIEH-
carope (TU1a3MOTPOHE) OXJIaXIeHVe Mapora3oBoi cMe-
CHU TIPOBOJUTH TMOCJIEI0BATEIbHO C UCMOJIb30BAHUEM
(puc. 3) cneLunaabHOTO Y3/1a OXJIaXKACHUST U yBeINUYEH-
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Puc. 3. Cxema y3i1a oxJiaKAeHHs1 TApOra3oBoro mMoToka: / — ucmna-
putenb; 2 — 1u1a3Ma; 3 — aHol — KOH(Y30p; 4 — 3aKaJIOUYHbIi ras;
5 — BBIXOI a3p030Jis; 6 — BBIXOJ B KaMepy CIEeKOB; 7 — OXJIaX/aa-
folas Kamepa; § — oxJaxmaroumii raz; 9 — anon; /0 — 3J1eKTpH-
yeckas yra

Fig. 3. Circuit of the steam-gas flow cooling unit: 1 — evaporator; 2 —
plasma; 3 — anode — confusor; 4 — quenching gas; 5 — aerosol outlet;
6 — outlet to the spec chamber; 7 — cooling chamber; 8 — cooling gas;
9 — anode; 10 — electric arc

&
(S

Puc. 4. Cxema y3ia BbiBeleHHS] HAHOMOPOIIKOB W3 MCHAPHUTENS —
KOHIeHcaTopa: /| — BXOJ OXJIAXAAIOLIeH KUIKOCTH; 2 — BBIXOI OX-
JIAXIAOLIEH XUAKOCTH; 3 — y3eJ] BbIBEACHUS a3po3oiisi; 4 — uc-
napuTesb

Fig. 4. Circuit of the unit for removal of the nanopowder from the
evaporator — condenser: 1 — input of the cooling liquid; 2 — coolant
outlet; 3 — spray removal unit; 4 — evaporator

HOTro 00beMa KaMephl, Ie Mapora3oBbiii MOTOK MOCIe
MpoxoAa 4epe3 y3ea OoxJaxIeHus pas3baBisieTcsl NO-
MOJHUTEBHO TTOAaBAEMbIM T'a30M.

V3en oxitaxiaeHus IIpeacTaBisieT COO0OM Ta30BYIO
KaMepy, M3 KOTOPO# Ta3 TomaeTcs pamgraibHO, Tepe-
ceKas TUIa3MeHHBINM MoToK. IIponcxomuTt pe3koe Ox-
JIaXJeHUEe Mapora3oBOro IMoTOKa, UYTO JAeT BO3MOX-
HOCTh 3a(PMKCHUPOBATh B O0OJIOUKY KaxKIYIO YaCTUUKY
pacIUIaBJ€HHOTO ChIpbs (ITPOIIEAIIETO 30HY JIEKTPH-
YECKOM MYTW W TIa3MBl).

IIpennaraemblii CIIOCOO OXJIAXKACHMST IIO3BOJISIET
MOJYYUTh HA TaHHOM YCTPOMCTBE Y3KOGPaKIIMOHHbII
MIPOIYKT.

KoHcTpyK1ms y3ima oxIaxkaeHHsI Tapora3oBoro Io-
TOKa COCTOUT U3 JABYX YacTeil.

1. CrieliManabHbIN y3eJ OXJIaXACHUS, IPEACTABIISIO-
11 COOOM YCTPOMCTBO, M3 KOTOPOIO ra3 ¢ OOIbIION
CKOPOCTBIO MTOAAETCS paaMaIbHO MJIa3MEHHOMY MOTO-
Ky. DTOT ra3 pe3Ko 3axojlaXuBaeT IOTOK C pacrliaB-
JIeHHbIM MatepuanoM. [Ipoucxonut KoHaeHcanus ra-
POB CO CKOPOCTbIO HE MeHee 10° K/c. B pesynbraTe
3TOT0 a’3pPO30JIbHBIMA ITOTOK (TEXHOJOTMYECKU Ta3 u
HaHouacTulibl) umerT Temmepatypy 100...150 °C.

2. KoHzaeHcaTop, npeacTaBisIonimii coboi KaMe-
Py, MMEIOIIYIO y3eJ BBIBOMIA MOJYYEHHOTO MPOIYKTa,
y3ell BBIBOJA HEMCIApUBIIEHCS YAaCTH CHIPbS U CIie-
KOB U y3eJI TTOIaYy JOTIOJTHUTEIHHOTO Ta3a, YTOo 103-
BOJISIET YMEHBILIUTh TEMIIEPATypy UCIIapUTEILHOTO ra-
3a ¢ yaprpaHaHodactuuamu mo 50...70 °C.

KoHcTpyKkinst y31a BBIBEIEHUS HaHOIIOPOIIKOB
U3 UCMapuUTesi-KOHAEeHcaTopa MpeacTaBisieT coOoi
oxJlaxaaeMblil (TpyOa B TpyOe) 3JeMEHT, MMEIOLINiA
Ccpe3, BBICTABJICHHBIN 0oJjiee MIMHHOM 4acThlO IIpU-
OGJIM3NTENTEHO TT0 OCH KaMephl HaBCTPedy TTa3MEeHHO-
My IOTOKY, @ KOPOTKOM 4acTblo — B COOPHUK OTXOMIOB
(puc. 4). BHyTpeHHMIT fUamMeTp JaHHOK KOHCTPYKLIUU
COBITAZIaeT C BHYTPEHHUM AUAMETPOM XOJOIMUJIbHUKA,

on

a BHEIIHUI JuaMeTp — ¢ "pyOallkoit” XoJnoauiIbHUKA.
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Puc. 5. Cxema yJaBiMBaHUs ¥ BbIBeJCHNS KOHEYHOTO MPOAYKTA M3
TEXHOJOTHYEeCKOro UMKaa: /| — TMOCTYIUIEHUEe aspo3osist; 2 — Mpo-
MEXYTOUHBIN OyHKep; 3 — 3amopHasi apMarypa, 4 — MpUEeMHbII
KOHTEHEp; 5 — 3aMopHOe YCTPOIMCTBO; 6 — BOPOLLUUTENb; 7 — TKa-
HEBbII UIBTP; & — BBIXOI YUCTOrO raza

Fig. 5. Circuit of capture and removal of the final product from the
technological cycle: 1 — aerosol input; 2 — intermediate bunker; 3 —
shut — off valves; 4 — receiving container; 5 — shut — off device; 6 —
agitator; 7 — fabric filter; § — clean gas outlet

7151 TOTIOTHUTENBHOTO OXJIAKICHUS TaporazoBoro
MOTOKa MOXHO MPeIycMOTPETh KaMepy Iojayu rasa
HETIOCPEICTBEHHO B JaHHOM 3JIEMEHTE M JOTIOJHU-
TeJbHYIO TOJauy ra3da HeNmOoCPeACTBEHHO Mepena 3Toi
KOHCTPYKIIME# HAaBCTpedy IUIa3MEHHOMY ITOTOKY.

KoHcTpyknuust y3na BbIBeA€HUS yabTpa- U HaHO-
MHCTIECHBIX TTOPOIIKOB M3 UCTIApUTENIs JOKHA UMETh
cpes 1of YoM o He 6osiee 45° OTHOCUTEILHO OCH pac-
MOJIOXKEeHMs JaHHOTOo y37a. IIpu cpese mox yriom 90°
Oymer TMpPOMCXOAUTb TIPOCKOK HEHWCIAapUBILIEroCs
ChIPbSI, YTO CHU3UT KAYECTBO KOHEYHOU MPOIYKIIMH.
AmnanornuHblii a¢dexT OyaeT HabMOAATHCS IIPU MPU-
OMVDKeHUM y371a BbIBEACHUS TMPOAYKTa K JIIOOOH M3
CTEHOK HUCITapUTENIsI-KOHIeH caTopa.

V3en BeIBeACHMS NOXKEH pacrojiaraTbCsl OTHOCU -
TEeJTbHO COOpHUKA HEHWCITAPMBIIEToCs CHIPhS Ha pac-
CTOSIHMM, MCKJIIOYAIOIeM TMepeMelleHue KPYIMHbIX
YaCTUIL Ta30BbIM MOTOKOM C HUXXHEW YacTW UCMapu-
TeJIsI-KOHAEeHcaTopa.

st ynaBiavBaHUSI U BbIBEAEHUSI KOHEYHOTO TMPO-
JIyKTa U3 TEXHOJOTMYECKOro LIMKJA MCIOJb3YIOTCS
clieaytole yCTpoucTBa.

1. YcrpoiicTBo i yaaBIMBaHUS IIPOAYKTa, UMe-
ol1ee Ha BXO/Ie Ta30Bbli MOTOK € MTOPOILIKOM (ITPOIYK-
TOM), a Ha BBIXO/IE — YK€ OTHOCUTEJIbHO YUCTHIN ras,
MoJaBaeMblii Ha CAaHUTAPHBINA PUIBTP.

2. IIpomMexXyTo4yHbIl OYHKEp U CBSI3aHHBI C HUM
BBITPY30UHbI KOHTEHHEp, pa3nefieHHbIe 3alOPHbIMU
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apMaTypaMM OT YCTPOMWCTBa, YJaBJIMBAIOLIETO IIPO-
IlyKT, U TPUEMHOTO KOHTEHHEPA.

3. CraiMoHapHbIil WM MEepeaBUXHON OOKC.

ITogaya razoBoro noroka ¢ MpPoOAYKTOM OCYILECT-
BJISIETCSI Uepe3 BEPXHIO KPBILIKY (PUIbTpa-yiaBinBa-
TeJIs, TJe TKaHbIO SIBJIsIETCS JlaBcaH (puc. 5).

IToToK mogaeTcss B HUXKHIOKO YacThb amrapara, rie
JIOJKHO TTPOUCXOJUTh, KaK U Ha CaMOM TKaHM, Oce-
JaHue npoaykra. O4uIlLEeHHBbIA TakuM 0Opa3oM ras,
MPOoiiNIs yepe3 BEPXHIO YaCTh TKAHEBOTO PyKaBa, yXo-
JUT Ha CAaHUTApHBIM (UIBTP Yepe3 OTBEPCTUE U TPY-
OompoBoa B ammapare. TkaHb pyKaBa 3aKpellieHa
KOJIbLIaMU Ha IITaHTe, UMEIollel B HUXXKHENH YacTh BO-
pOLLIUTEJb Y 3alIOPHYIO afnmaparypy Ha BbIXOJE U3 al-
rnapara u COEJMHEHHBIM C HUM MMPOMEXYTOUYHBIM OyH-
KepoM. B BepxHeil yacTu 1TaHra uMeeT 3aMOK, IM03-
BOJIIOLIWIA JEpXKaThb €€, HATATUBAaTh TKaHb, a TaKXe
MPU OTKPHITUU 3TOTO 3aMKa BCTPSIXMBATh TKaHb.

ITpomexxyTouHbIi OyHKEp TTpeAcTaBsieT COOO0 Liu-
JIMHAP, COSAMHEHHBIN C OMHOI CTOPOHEI ¢ (PMIBTPOM-
yJIaBJIUBaTeNIEM, a C APYrOi CTOPOHBI MMEIOIINI 3a-
MOPHYIO apMaTypy M Y4aCTOK LMJIMHApa ¢ (aHLeM
JUIS IOJICOEAUHEHMS TIPUEMHOI0 KOHTEWHEpa U ycTa-
HOBKM Ha HeM corIuia JJisl MoJauyu XXKUIKOCTU (Hampu-
Mep, 0eH3MHA) B IPUEMHYIO €MKOCTb, IITYLEp IS Ba-
KYyMUPOBAHUSI 3TOM €MKOCTH, IITYyLEp s MaHOBa-
KyyMeTpa.

Jlo3aTop MOPILIHEBOrO TUIIA UMEET Bpalllaloluiics
HOX, Y3JIbl TTOJJaY/ ra3a 1 BbIXOJA ra3a C MOAXBAYEH-
HBIM ChIPbEM TIOCJIe Cpe3a ONPEAeIEHHOTO CI0S ChIPhS,
HaxXOJsIerocs: B OyHKepe.

Kamepa pacnpeneneHusi ra30BbIX MOTOKOB MMEET
KMKJIEpbl, CO3JalollMe BbICOKOCKOPOCTHOM BBIXOJ
raza. OTU XUKJIEpbl YCTAHABIMBAIOT TAKMM 00pa3oM,
YTOOBl MOXHO OBLIO Tra30BbIM MOTOKOM CHUMATh U
OXMXKaTh BEPXHUI CIIOM CHIPB. 3aTeM Ta30BbIl ITOTOK
9TO ChIpb€ YHOCUT B 30HY D3JIEKTPUYECKOW OYTU U
MJ1a3MBl.

PeryiavpoBaHue CKOpPOCTHU TOJAaYM OXMUXKAIOIIETO
YCTPOMCTBA TIPOMCXOIUT 3a CUET M3MEHEHUs IBUKE-
HMS 1ITOKA, COEAMHEHHOrO C KaMepoil pacmpenese-
HUS Ta30B, Y3JIOM IMOJAYM C PaMITbl pOTaMETPOB Ta3a
1 BBIXOJHBIM Yy3JI0M [JIs1 TIPOXOXAEHMS rasa C Mo-
poikoM. IIITOK M3MeHsIET CKOPOCTh ABUXKEHMUS C TIO-
MOUIBIO 3JIEKTPOIPUBOLA, IPYrOil 3JIEKTPONPUBOLL
MO3BOJISIET MepeMeLLaTh KaMepy € KUKJIepaMu B TOpU-
30HTAJIBHON TUIOCKOCTHU IUISI PAaBHOMEPHOIO OXKMKe-
HUSI BEPXHETO CJIOSI ChIPhSI.

OlieHKa yaeJbHON MOBEPXHOCTU OMBITHBIX MapTUiA
nopoiukoB antoMuHus Al-BJ1 metonom BOT nokasa-
Jia, 4TO NMpU (PUKCUPOBAHHBIX TEXHOJIOTMYECKHUX T1apa-
MeTpax (CKOPOCTb MOAaUU ChIpbs, BOJIBT-aMIIepHbIC Xa-
PaKTEePUCTUKYU AYTH, PACXO TEXHOJOTUUECKUX I'a30B
B 3aKaJOYHOM Y3jie) obecreurBaeTcsl MojlydeHue mo-
POILIKOB ¢ pa3dopocoM 1o Syﬂ B npenenax 0,1...0,3 Mz/r,
YTO BXOJUT B MorpeirHocTb MeToga bOT.




CpaBHHTE/IbHbIE XaPAKTEPUCTHKH nopomkos YA
Comparative characteristics of UDA powders

XapaKkTepruCTUKU
VCNOBHOE Characteristics
obo3Haue- VienbHast .
HUE OBEDXHOCTS Conepxanne | CpeiHeMaccoBblit Croco6 moJy4eHust
TOpOLIKa P ) AKTUBHOTO pasMep 4acTul, Way of receiving
Powder Sy M/T Al(A), % macc. dy3
symbol Specific surface | Content of active | Weight average size
S, m?/ Al(A), % mass | of the particles, d ;3
)02 g
OneKTponyrosas rjia3MeHHas nepekoHaeHcauus B cpene H, u Ar
AI-ED 3...100 94..96 0.02...0.6 POy ettt Tiep 7 B cpelle H
Arc plasma recondensation in the Hy and Ar environment
Al-VCh 210 80...90 02..1.0 BI:..ICOKO‘IaCTOTHaH TIa3MEHHAsT TIEPeKOHICHCALINS B Cpefie Ar
High-frequency plasma recondensation in the Ar environment
ALLVT 515 %5..9 02,05 OnexTpoB3phIB B cpene H,
: . B Electroexplosion in the H, environment

YCTaHOBJIEHO, YTO COAEPXKaHME aKTMBHOTO MeTa-
nma B Al-B]1 Ha 5...10 % BbI1IE, yeM B TTopoinkax Al-BU
u Al-BT Toii e npupoabl U ¢ IPUMEPHO OAMHAKOBOM
yIEJIbHON TMOBEPXHOCTBIO, MOJYYEHHBIX BbICOKOYAC-
TOTHOW TUIa3MEHHOW MEPEKOHACHCAUENH U DIIEKTPO-
B3PbIBOM B HMHEPTHOM cpele, COOTBETCTBEHHO, YTO
CBSI3aHO C OCOOCHHOCTSIMM TEXHOJIOTUH TIOJIYICHUS U
BBIBEICHUS TOJIY4aeMbIX MOPOIIKOB M3 TEXHOJIOTH-
YeCcKOro 1HukJja (CM. TabaulLy).

3akioueHune

Takum obpa3oM, IpeniaraemMasi K peajn3alm TeX-
HOJIOTMYecKasl yCTaHOBKA 2JIEKTPOAYTOBOM IIa3MeH-
HOM MepeKOoHAeHCAUM1 MeTaLIOCOAEpXKaIUX OOl -
KOB C Ta30BUXPEBOI cTaOMIM3alMel M1a3Mbl IO CpaB-
HEHUIO C paHee MNPUMEHSIBIIMMUCS YyCTpOlCTBaMu
MO3BOJISIET CYILIIECTBEHHO TMOBBICUTHh MPOU3BOAUTEb-
HOCTb 3a CYET OpraHu3alMu HeMPEPbIBHOIO TEXHOJIO-
TMYECKOro Ipolecca. IT0 00ecneynBaeTCs 3aMKHY-
TOCTBIO TEXHOJIOTMYECKOrO IIMKJA, 3aLIUTONH CTEHOK
BJIEKTPOAYrOBOrO0 MCHApUTElsl OT “3apacTaHMsl’ HAHO-
JMCIEPCHBIMU YaCTULIAMU MyTeM (DOPMUPOBAHUSI I'a30-
BUXPEBbIX NMOTOKOB, & TaKXKe MePUOINYECKON BBITPY3-
KOI I10JTy4aeMbIX IMOPOIIKOB 0€3 OCTAaHOBKU YCTPOMC-
TBa B 1ejsoM. Kpome Toro, maHHasi TexHOJOTHYecKast
cxeMa II03BOJISIET O0ecneyuTh TpeOyeMoe KauyecTBO
yJIbTpa- U HAHOAMUCIEPCHBIX METAJUIMYECKUX MTOPOLI-
KOB U MX MOAM(DUKALMI 3a CYET YCTPaHEHUS UX T10-
JIMGPaKLIMOHHOCTH, YBEJIMUEHMST COAEPKaHUsI OCHOB-
HOTO MpOAYKTa U MOAUMULIMPYIOIIUX J00aBOK.

TexHOJI0TUYeCKU U KOHCTPYKTUBHO 3TO 0o0ecrneyu-
BaeTCs OTIAEICHUEM HEHCIIapUBIIETOCS ChIpbs OT Ta-
pOrazoBoro noToka MnocJje mia3MeHHOM 30HbI, UCKITIO-
YeHMST KOHTaKTa CHIPhS Y IMIPOAYKTA C BHEIITHE aTMOC-
(epoiil Ha Bcex aTanax MoJay4yeHusl U BbITPY3KU IMyTEM
repMeTHU3alMy 3aMKHYTOTO TEXHOJIOTHUYECKOro LIMKIA.
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The article presents a technological installation for electric arc plasma precondensation of the metallic powders with an individual
gaseous-vortex stabilization of the plasma, which allows us to increase significantly the productivity due to a continuous technological
process. This is ensured by the closed technological cycle, protection of the walls of the electric arc evaporator against "the over-
growth" with the nanodispersed particles due to formation of the gaseous-vortex flows, and also periodic unloading of the obtained
powders without stopping the device as a whole. This technological circuit allows us to ensure the required quality of the ultra- and
nanodispersed metal powders and their modifications due to elimination of their polyfractionality, increase of the content of the main

product and the modifying additives.
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Introduction

Efficiency of application of the ultra- and nanodis-
persed powders in the compositions of various materials
is determined by the technology for their production
defining the characteristics of the finished goods. The
known results of the research works demonstrate that
the significant characteristics are the content of the
main product in a powder, its specific surface, the form,
the average mass and the size of the particles, the frac-
tional distribution by dispersion, and the cost indexes.

In the world there many ways to receive the ultra-
and the nanodispersed powders [1—S8], with their ad-
vantages and disadvantages. In an ideal case the meth-
ods and the technologies for their obtaining should
ensure:

— a possibility for obtaining of a wide range of the
nanopowders of various chemical nature;

— a wide range of the sizes of the particles in the
conditions of a reliable control of the processes’ param-
eters;

— aset and controlled distribution of the particles by
the sizes;

— protection for the surface of the particles by the
coverings preventing a spontaneous combustion, ag-
glomeration, and guaranteeing stability of their physical
and chemical properties;
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— high efficiency and profitability of the techno-

logy;
— reproducibility of the controlled chemical and
fractional composition.

An analysis of the known technical solutions shows
that of the greatest interest are the ways based on the
processes of evaporation in plasma and condensation.

The plasma methods for receiving of the condensa-
tion ultra- and nanodispersed particles form a special
group. They are based on plasma heating of the initial
raw materials, their transfer into a vaporous state, sharp
cooling of the vapor or vapor-gas mix in a volume with
formation of an aerosol system consisting of solid ultra-
or nanodispersed particles of metals, which are trapped
by various methods.

For formation of plasma it is possible to use the arc,
high-frequency (HF) and microwave evaporators.
Alongside with certain advantages, the methods of HF
and microwave plasma recondensation have a number
of essential drawbacks. Among them are high specific
power consumption (0.3...1.0 mW - h/kg), rather low
productivity (not more than 0.4...0.5 kg/h) without ac-
count of time for the technological operations of unload-
ing of the nanopowders and preparation of the equip-
ment for operation), dispersion spread (0.01...30 p) of
the received particles with formation of specs and ag-




glomerates, and rather low (80...90 %) content of the
target compound in the final product. These drawbacks
are first of all connected with the big heat losses, con-
densation of the particles on the walls of the plasmatron
and presence of the not evaporated initial raw materials
in the final product.

A cardinal solution to this problem became possible
due to development of the plasma evaporator with the
gaseous-vortex stabilization of plasma. The plasma
evaporator, in which the processed raw materials are in-
troduced into the zone of the electric arch, allows us to
reduce the axial speed of the plasma-forming gas down
to 10 m/s with preservation of the temperature param-
eters of the plasma, just like in the traditional plasma-
trons, at that, the length of the reactionary zone de-
creases by an order. The use of the vortex stabilization
of the arc plasma provides a possibility for development
of a technological installation for receiving of nanop-
owders by processing of the coarse powders.

A choice for the vaporizing camera of the arc evap-
orator was made on the basis of the analysis and exper-
imental assessment of various circuits of the evapora-
tors. At the same time the methods were developed for
organization of introduction of raw materials into plas-
ma and preservation of these raw materials in the high-
temperature zone till a complete conversion or removal
of the not evaporated part of the raw materials.

An analysis of the existing ways for receiving of the
high-dispersed powders of metals shows that for organ-
ization of a high-performance ecologically clean tech-
nology for obtaining of the nanopowders with the set
complex of characteristics and properties, it is neces-
sary to have a closed circuit of production of these
products. The technological circuit should include the
units and devices allowing us to process the raw mate-
rials and to catch the final product without emission of
it into the atmosphere.

Arc plasma installation

Generalization of the data concerning the advantag-
es and drawbacks of the known and applied in practice
technological circuits allowed us to draw a conclusion
that activation of the metal powders can be ensured
most effectively during formation of a technological in-
stallation of the closed cycle. Such a technological so-
lution allows us to increase the quality of the nanop-
owder by eliminating of its contact with the atmos-
phere, to ensure the ecological cleanliness of produc-
tion, to decrease the costs of the final product and
increase the productivity of the installation due to con-
tinuity of the process [9—12].

Realization of the method for receiving of the nan-
odispersed powders by the arc plasma recondensation
with the required set of characteristics of the end prod-
ucts is ensured by formation of a closed technological

circuit of the installation with a gaseous-vortex stabili-
zation of the arc plasma zone, a combination of the gas-
eous-vortex separation of the particles with a reduction
of the received product in the cyclones and on the fil-
tering fabric, and the of argon as the main technological
plasma-forming and hardening gas.

Practical implementation of the proposed solution is
ensured, when the closed technological circuit includes
the basic elements shown in fig. 1.

The closed production cycle of this installation
eliminating a contact of the surrounding atmosphere
with the technological gas (argon) and other plasma-
forming gases, with raw materials, metal powder with
the size of the particles up to 100 p and the received
product, is ensured by the fact that all the units and el-
ements of the installation are tight and the technolog-
ical gas moves according to a certain closed circuit with
a serial-parallel connection of the elements of the in-
stallation.

Formation of a whirlwind in the evaporator is en-
sured by the supply of the technological gas through the
unit of the gaseous-vortex stabilization of the plasma
flow, in which the gas through the opening situated tan-
gentially in relation to the evaporator cylinder, is
moved under the cover, which at the same time is the
cathode.

The electric arch with the adjustable volt-ampere
characteristics is formed between the tungsten rods, one
of which (cathode) is fixed on the cover of the evapo-
rator insulated from it, and the other (anode) — is on
the cylindrical part of the evaporator, and fixing of the
arch by a ledge is also possible. The arch is stabilized,
i.e. it is kept steadily in the zone of the evaporator cyl-
inder axis by the formed gaseous-vortex flow. At the op-
timal extent (relation of the length of the plasma flow
to its diameter) and a steady current of the plasma jet,
such a level of the energy put into the gas (not more
than 35 kW - h per 1 kg of the raw materials) is ensured,
which is necessary for heating, evaporation of the par-
ticles of the introduced into plasma powder of metal,
and the other compounds or modifying additives and
heating of the gas leaving the camera.

Besides, organization of the process of evaporation
of the powder — the raw materials by stabilization of
the plasma, which is in the evaporator, inside the whirl-
wind, ensures protection of the walls of the device
against overgrowth by an aerosol, reduces the thermal
losses and raises the extent of evaporation of the initial
raw materials. This, in turn, allows us to organize a con-
tinuous process of evaporation of the initial powder in
plasma, to increase the productivity of the installation
and to prolong the resource of its continuous operation.

The steam-gas flow from the plasma zone comes to
the condenser, where, passing through the nozzle and
extending in volume, it is cooled additionally by the
technological gas supplied radially to the flow through
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the openings from the unit of distribution and control
of the consumption of gases via the rotameter and the
valve. The condensation of the vapors of the received fi-
nal product occurs with the speed not less than 100 K/s.

The formed aerosol flow (the nanodispersed parti-
cles and the technological gas) through the unit of its
removal from the condenser comes to the refrigerator —
heat exchanger with a water-cooled shirt. The aerosol
flow cooled down to 20...30 °C from the refrigerator
gets to the volume of the cyclones and the working fil-
ter, where catching of the nanodispersed powder is car-
ried out. The technological gas is cleaned additionally
by means of the sanitary filters (for example, Petryanov
fabrics), then it comes to the store of gases and after
compression by means of the membrane compressor
moves into the store of gases, and from it — to the unit
of distribution and control of the consumption of the
technological gases. Thus, the production cycle of the
installation becomes closed and its ecological cleanli-
ness is ensured.

Preservation of the active component of the metal
powder and prevention of its spontaneous ignition is
ensured by the installation with the offered technolog-
ical circuit due to the fact that without stopping of the
process in general a periodic unloading is carried out of
the received product from the cyclones and from the
filtering fabric of the working filter without violation of
the tightness of the technological installation. The op-
eration is carried out in a tight box filled with an inert
gas (nitrogen, for example). After sealing the collector
with a product is taken out of the box.

Dosing of the raw materials

A specific feature of the loose dispersed materials is
their inclination to lagging, arch-formation and caking
during their dosing.

The most considerable drawback of the existing dos-
ing devices is a low accuracy of dosing determined by
a strong dependence of the powder consumption on
spontaneous fluctuations of the dispensing system (pul-
sations of the pneumotransport gas, formation and de-
struction of the coagulates in the powder). Since the
quality of the product received with the use of the plas-
ma technology depends significantly on the concentra-
tion of the raw materials in the plasma, the batchers
should meet the following basic requirements:
¢ Supply of the dosed material should be uniform and

whenever possible exclude the visually recorded pul-

sation (it is checked by the nature of emission of the
raw materials from the batcher into the atmosphere
during its operation);

o Supply of the raw materials should be carried out in
accordance with the established norms and be con-
trolled in the course of dispensing.
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In view of an essential differences in the physical
and chemical properties of the applied powders, which
depend on the granulometric composition of the im-
purities and kind of materials, the process of dispensing
turns into a serious problem, which has to be solved be-
fore studying of the concrete process of the plasma
processing of a material.

The authors studied a possibility of work with the
known dosing devices, such as vibration, screw, and
piston ones, and with the fluidising element — gas jets.

The most reliable and uniform dosing is ensured on
the piston batcher and on the batcher with a liquation
device. The piston batcher works well with any mate-
rials used for production, but it is scaled poorly, i. e. it
is generally applied in the laboratory installations. The
batcher with a fluidizing device is modelled well up to
the experimental-production scale, however, it works
unsatisfactorily with the powder materials of a poor
flowability, which can be eliminated by a preliminary
preparation of the powders, improving their flowability.

Main units of the plasma evaporator

The problem with designing of the plasma evapora-
tors is the necessity to ensure the fullest introduction of
the raw materials into the plasma flow, reduce actions
of different factors leading to migration of the disperse
phase from the processing zone, eliminate the over-
growth by the solid phase of the units of input of raw
materials, electrodes, walls of the reactionary camera
and the output diaphragm, at the same time ensuring a
rather long service life of the evaporator.

The sum total of separate solutions approved on sev-
eral models unambiguously defined the constructive
option, which demanded experimental operational de-
velopment.

The optimal evaporator in the most promising op-
tion should include:

— Introduction of the powder raw materials directly
into the arc canal;

— Introduction of the powder raw materials by the
axis of the vortex camera;

— Application of the rod electrodes;

— Stabilization of the arc plasma by the center of the
reactionary camera.

The special state of plasma in the vortex camera —
its localization at a great distance from the walls — also
imposes special requirements to the designs of the units
located in the reactionary volume.

The pneumotransport and the cathodic units are
structurally located on the top cover. During selection
of the circuit for supply of the raw materials by the
pneumotransport via the axis of the vortex camera as
the most optimal one (supply at an angle to the axis of
the camera in each case demands to consider interac-
tion of the plasma flows with the pneumotransport




flow) in the developed design of the plasma evaporator
the cathode had to be displaced from the axis to a cer-
tain distance.

The second feature of the cathodic unit is identifi-
cation of the optimal arch binding point in the reac-
tionary space. The necessity for solving of this task is
due to the fact that there are contraflows in the vortex
camera. Near the top cover the gas flows turn around,
and the disperse phase due to inertia gets on the cover.
In the presence of a hot zone on the cover (the cathodic
spot) the powder is melted or bakes in this place and is
deposited in the hot zone. As experiments show, the ca-
thodic units overgrow even in the presence of the pro-
tective gas veil (pure gas) created around the arch bind-
ing points.

A cathodic unit was developed, in which the pneu-
motransport unit is combined with the cover and is
made of copper. Due to a good heat conductivity of the
copper the unit is made massive, the water is located far
from the zone of a possible arch landing. An insulation
of the pneumotransport tube from the cover is not re-
quired.

In case of installation of several tungsten rods on
one diameter of the cathodic unit, the service life of the
cathodic unit increases exactly in so many times how
many rods are installed. Preferably, the rods should be
installed against each other. Quite a good option is in-
stallation of four rods. It is convenient to fix them, at
the same time there is no overgrowth of the pneumo-
transport unit and the rods are easy to clean.

The working end of the rod anode is taken to the
border of the plasma flow through the case of the evap-
orator. The necessity of such an arrangement is caused
by a variety of reasons. First, the contact of the binding
point of the arch with the powder migrating from the
plasma and ejected by a whirlwind to the wall is elim-
inated. Secondly, the end of the arch is fixed on it dur-
ing burning of the electric arch even without an insu-
lation of its case. The latter circumstance is especially
important, when the system of ignition of the arch is
used: the arch is lit in the gap between the cover and the
case of the evaporator and is blown out by a gas whirl-
wind to the electrodes.

In the course of optimization of the evaporator for
reduction of the production costs of the anode units,
elimination of the presence of the cooled water in the
system and reduction of the gas-dynamic disturbances
in the reactionary camera, a calculation was done of the
optimal diameter of the radiator of the anode rod and
the maximal length was determined, at which the cool-
ing water can be removed.

The working tungsten rod with a part of the radiator
can be made removable. Its replacement by a new one
does not demand manufacturing of the part of the ra-
diator cooled by water. At that, its service life reaches
250...300 h, which was proved experimentally.

Evaporator design

In order to prolong the resource of continuous op-
eration of the evaporator, improvement of classification
of the received product, a scheme was developed for
taking the unprocessed raw materials directly out of the
evaporator.

According to this scheme, a part of the raw materials
thrown out from the plasma zone of the evaporator gets
to the peripheral zone and together with the vortex (sta-
bilizing) gas gets to the lower part of the evaporator,
where the catching camera is located. From the catch-
ing camera the raw materials through the openings to-
gether with a part of the stabilizing gas come to the cy-
clone, where the powder is deposited, and the gas, hav-
ing passed through the fabric filter, returns to the cycle.

In the process of accumulation of the raw materials
in the cyclone its periodic unloading is carried out. It
was experimentally established that a full extraction of
the unprocessed raw materials from the evaporator was
ensured under condition that the gas consumption
makes 10...12 % of the consumption of the stabilizing
gas. Extraction of such amount of gas via the catching
camera does not exert a considerable impact neither on
the plasma stabilization, nor on protection of the con-
fusor, or on the thermal mode of the evaporator.

The material balance of the recondensation of the
initial powder and the microscopic analysis of the raw
materials removed from the evaporator demonstrated
that the amount of the raw materials thrown out from
the plasma zone of the evaporator during the work on
argon equaled to 5...10 % of the total amount of the raw
materials supplied to the evaporator, and the size of the
particles of the removed fraction was 25...50 pm.

Catching of powders

In practice catching of the powders, when they are
received and used, is carried out in various ways. The
most widespread method is catching of small powders
and dust by filtration of the dusty flows through fabric,
paper, glass cotton or cotton wool, a layer of lumpy ma-
terial, etc. Also a broad application in industry was
found by the methods of the electrostatic catching of
the powders in the electric precipitators. Besides,
catching of the powders is carried out by the methods
of wet and inertial catching in the scrubbers, cyclones
and inertial catchers.

Due to the unique properties of the nanodispersed
metallic powders (increased chemical activity, small
sizes), as an analysis shows, the easiest way to organize
their effective catching without changing of the physical
and chemical properties, is by means of the dense fabric
filters or cyclones with big tangential accelerations.

For selection of the filtering fabrics which have a
satisfactory ability of catching the dispersed powders
and which can be released easily of the disperse mate-
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rials by stirring, the tests were carried out of several
types of fabrics, including fiber glass fabric, pure wool
baize, cotton of the belting type and lavsan fabric.

Lavsan fabric, article 56049 or 56050, meets most
fully the requirements to the process of catching of the
dispersed powders and cleaning of the filtering surface.

It was experimentally established that the catching
unit formed on the basis of the lavsan fabric as the fil-
tering material was characterized by the following op-
timal values:

— gas load on the filter — 100...125 nm3/h;

— pressure difference for a clean fabric — 20...40 mm
of mercury;

— the most admissible pressure difference —
200...280 mm of mercury;

— percent of catching of the powder after "matur-
ing" of the filtering fabric — not less than 99 %.

Now, catching of the nanodispersed powders in the
technological circuits is carried out by hose fabric fil-
ters. The catching units even at rather small surfaces of
catching (F = 1.2 m2) are distinguished by big overall
dimensions and complexity due to the existence of the
stirring units, activators and special shut-off valves.

After catching of 1.5...2.0 kg of the nanopowder the
difference on the filter becomes big and its cleaning is
necessary for continuation of the further operation.
Unloading from the filter demands its shutdown (by gas)
from the system, i.e. it is necessary either to interrupt
the process, or to install a reserve filter. With the pro-
ductivity of the installation of 2 kg/h and over the stage
of unloading becomes labor-consuming. In this regard
the works were begun with the cyclonic catchers, the
aim of which was to lower the load on the hose filters
and to reduce the frequency of unloading of a product
from them.

Experimental studies of the cyclonic catchers of the
nanopowders were conducted on the installation con-
sisting of a vortex camera, a gas ramp, a batcher of a
piston type and a catching filter of the hose type.

An analysis of the received results shows that there
is a real possibility of catching on cyclones up to 80 %
of the nanopowder. Thus, the use of the cyclones for
nanopowder catching increases several times the period
of continuous operation of the filters and significantly
facilitates solving of the problem of unloading of the re-
ceived powders from the technological installation
through the product collectors from the box blown by
an inert gas (nitrogen, for example).

In the existing designs of the arc plasmatrons and
plasma reactors the cathodic units are made in one
plane ("flush") with the bearing design, and the main
idea of the design is the maximal heat irradiation from
the cathode, so that the electric arch works from "the
point" of a well cooled cathode for reduction of the ero-
sion of the working element.
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In the proposed design the cathode is on the cover
of the evaporator and is taken out to the plasma border,
the raw materials are also supplied from the cover, but
by the axis of the evaporator. Placement of the cathode
on the border of the plasma is explained by the fact that
on the cover there are very strong wall currents directed
to the center of the camera, and operation of the elec-
tric arch in a close proximity to the channel of supply
of the raw materials will inevitably "melt" this channel.
New technological solutions in the proposed design are
the following.

1. Placement of the cathode on the border of the
plasma zone excluding blockage of the pneumotrans-
port.

2. The cathode and the pneumotransport are in the
cooled zone, which allows us to avoid local heating in
the zone of supply of the raw materials and fastening of
the cathode.

3. The tungsten rod of the cathode is placed in a
graphite "shirt", which increases the electrode’s service
life 3...5 times in relation to the work of one tungsten
rod without "a shirt". The tungsten rods applied for op-
eration of the cathode have the diameter of 4...8 mm.

Use of those cathodes ensures a gaseous-vortex sta-
bilization of the plasma flow, allows us to improve the
quality of the ultra- and nanopowders, and leads to an
increase of profitability due to a longer service life of the
electrode.

During development of the method for receiving of
the ultra- and nanodispersed metal-containing powders
by the technology of the arc plasma recondensation the
following regularities were discovered:

1. Currents in the extended vortex cameras, like cy-
clonic ones, significantly vary depending on the corre-
lation of the internal diameter of the vortex camera D
and the internal diameter of the output opening d (fig. 2).
At the ratio D/d < 3 the currents are either unstable, or
submit to the law of the quasisolid rotation, i.e. the re-
lation of the angular speed to the radius of the camera
is a constant (o/R = const).

Thus, in case of a change of the radius of the camera
the angular speed of the technological gas also changes,
but their correlation o/R is a constant and depends
only on the value of the speed of supply of the tech-
nological gas. The picture changes radically at D/d > 3.
In this case the current submits to the law of conser-
vation of the momentum, i.e. ® R = const; i.e. with a re-
duction of the radius the speed grows. Thus, all the
evaporators-condensers offered for use are made by the
ratio of D/d > 3.

2. With a change of the length and the volume of the
camera owing to friction on the walls, the angular speed
on its length falls and this should also be taken into ac-
count. Besides, the parameters concerning the length
and the volume for each evaporator are individual and
they are calculated taking into account not only the ge-




ometrical sizes of the device, but also the characteristics
of the technological gas and the speed of its supply.

3. For creation of a clear (without the mass ex-
change of plasma and cold gas) plasma zone the con-
ditions at the input are necessary, i.e. the correlation
between the consumption of the gas and the angular
speed of this gas has to be sustained. Such correlations
are necessary for creation of whirls.

The correlation of the geometrical sizes of the plas-
matron, namely D/d > 3 where D — diameter of the
camera of the evaporator, d — diameter of the outlet
part of the evaporator, increase the degree of conver-
sion, improve the quality of production and increase
profitability of the installation.

During operation of the evaporator (plasmatron-
condenser) it is necessary to exclude a possibility of
presence of the not evaporated part of the raw materials
and sinters in the cyclones and on the filters. For their
removal from the production cycle, in the lower part of
the evaporator there is a capacity catching the not evap-
orated raw materials and sinters. The capacity is a cyl-
inder with a cover located horizontally. It is necessary
to periodically unload the waste from this capacity.

Application of this design allows us to improve the
quality of the received products due to a narrow-frac-
tional distribution of the particles by the degree of their
dispersion.

During operation of the evaporator-condenser
(plasmatron) it is proposed to cool the steam-gas mix
consistently with the use (fig. 3) of a special cooling unit
and increased volume of the camera, where, after pass-
ing through the cooling unit, the steam-gas flow is di-
luted with an additional supply of gas.

The cooling unit is a gas chamber, from which the
gas is supplied radially, crossing the plasma flow. Thus
we have a sharp cooling of the steam-gas flow, which
makes it possible to fix within a cover each particle of
the melted raw materials (which passed through the
zone of the electric arch and plasma).

The proposed method of cooling allows us to receive
on this device a narrow-faction product.

The design of the cooling unit of the steam-gas flow
consists of two parts.

1. A special cooling unit, the device, from which the
gas is supplied radially, with a high speed, to the plasma
flow. This gas cools sharply the flow with the melted
material. This causes a condensation of the vapors with
the speed not less than 10° K/s. As a result, the aerosol
flow (the technological gas and the nanoparticles) has
the temperature of 100....150 °C.

2. A condenser, which is a camera with a unit for re-
moval of the received product, a unit for removal of not
evaporated part of the raw materials and sinter, and a
unit for supply of the additional gas, which makes pos-
sible to reduce the temperature of the vaporizing gas
with the ultrananoparticles down to 50...70 °C.

The design of the unit for removal of the nanopow-
ders from the evaporator-condenser is a cooled element
(pipe in pipe) and a cut with the longer part pro-
nounced roughly along the camera axis towards the
plasma flow, and its short part — to the waste collector
(fig. 4). The internal diameter of this design coincides
with the internal diameter of the refrigerator, and its ex-
ternal diameter — with "the shirt" of the refrigerator.

For additional cooling of the steam-gas flow it is
possible to place a gas supply camera directly in this el-
ement and arrange an additional gas supply right in
front of this design, towards the plasma flow.

The design of the unit for removal of the ultra- and
nanodispersed powders from the evaporator should
have a cut at the angle of o not more than 45° in rela-
tion to the axis of this unit. At the cut of 90° angle the
not evaporated raw materials will skip, which will re-
duce the quality of the end products. A similar effect
will be observed, when the unit for removal of the prod-
uct approaches any of the walls of the evaporator-con-
denser.

The unit of removal should be situated in relation
to the collector of the not evaporated raw materials at
the distance excluding movement of large particles by
the gas flow from the lower part of the evaporator-
condenser.

For catching and removal of the final product from
the production cycle the following devices are used.

1. A device for catching of the product, which has
at the input a gas flow with the powder (product), and
at the outlet — a relatively clean gas supplied to the san-
itary filter.

2. An intermediate bunker and connected with it
unloading container, divided by the shut-off valves
from the device catching the product and the reception
container.

3. A stationary or mobile box.

Supply of the gas flow with the product is carried out
through the top cover of the filter-catcher, where the
fabric is lavsan (fig. 5).

The flow moves to the lower part of the device,
where the deposition of the product takes place, just
like on the fabric itself. Thus the purified gas passes
through the top part of the fabric sleeve and goes to the
sanitary filter through an opening and the pipe in the
device. The fabric of the sleeve is fixed by rings on the
bar, which has an agitator in its lower part and the shut-
off valve at the outlet from the device, and an interme-
diate bunker connected to it. In the top part the bar has
a lock allowing it to hold it, to pull fabric and after
opening of this lock also to stir up the fabric.

The intermediate bunker is the cylinder connected
on one side to the filter-catcher, and on the other side
it has the shut-off valves and the site of the cylinder
with a flange for connection of the reception container
and installation of a nozzle on it for a liquid supply
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(gasoline, for example) to the reception capacity, a
connecting pipe for pumping out from this capacity,
and a connecting pipe for a pressure gauge.

The batcher of the piston type has a rotating knife,
units of gas supply and gas discharge with the picked-
up raw materials, after a cut of a certain layer of the raw
materials, which are in the bunker.

The camera for distribution of the gas flows has the
jets creating a high-speed gas discharge. These jets are
fixed so that it is possible to remove and fluidize the top
layer of the raw materials by the gas flow. Then the gas
flow carries these raw materials to the zone of the elec-
tric arch and plasma.

Control of the speed of supply of the fluidizing de-
vice is carried out by variation of the movement of the
rod connected to the camera for distribution of gases,
the unit of supply from the ramp of the gas rotameters
and the output unit for passing of the gas with the pow-
der. The rod changes the speed of the movement by
means of an electric drive, while another electric drive
allows to move the camera with jets in the horizontal
plane for a uniform liquefaction of the top layer of the
raw materials.

Assessment of the specific surface of the pilot batch-
es of AI-ED aluminum powders by BET method
showed that at the fixed technological parameters (raw
materials supply speed, volt-ampere characteristics of
the arch, consumption of the technological gases in the
hardening unit) the powders were ensured with a spread
by Sy, within 0.1...0.3 m?/g, which was within the error
limit by BET method.

It was established that the content of the active met-
al in AI-ED was by 5...10 % higher than in the Al-VCh
and Al-VT powders of the same nature and with approx-
imately identical specific surface, received by high-fre-
quency plasma recondensation and electroexplosion in
an inert environment, respectively, which is connected
with the specific features of the technology (see table).

Conclusion

Thus, the proposed for realization technological in-
stallation of the arc plasma recondensation of the met-
al-containing powders with a gaseous-vortex stabiliza-
tion of plasma in comparison with the previously used
devices allows us to increase significantly the produc-
tivity due to organization of a continuous technological
process. This is ensured by a closed production cycle,
protection of the walls of the arc evaporator against
"overgrowth" of the nanodispersed particles by forma-
tion of the gaseous-vortex flows and also periodic un-
loading of the received powders without stopping of the
device as a whole. Besides, the given technological cir-
cuit allows us to ensure the required quality of the ultra-
and nanodispersed metal powders and their modifica-
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tions due to elimination of their polyfractionality, in-
crease of the content of the main product and the mod-
ifying additives.

Technologically and structurally this is ensured by
separation of the not evaporated raw materials from the
steam-gas flow after the plasma zone, exclusion of con-
tacts of the raw materials and the product with the ex-
ternal atmosphere at all the stages of receiving and un-
loading by sealing of the closed production cycle.
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IOODEKTUBHOCTb ITPA®EHA B KAHYECTBE APMUPYIOLLETO SAEMEHTA
CTPYKTYPbl MOAUMEPHBIX HAHOKOMITO3UTOB

Ilocmynuna 6 pedaxyuro 24.11.2018

Ilokazano, umo s¢ppexmugHblil (peanvhbliil) Modyab YAPyeocmu HAHOHANOAHUMENS 8 NOAUMEPHOU Mampuye HaHOKOMNO3UMO8
noaumep/epagen onpedensiemcs cmeneHvlo azpeeayuu epapeHa u HecmKocmoio oOKpyscaroueli eeo cpedsl (NOAUMePHOU Mam-
puybt). Onpedenenue 3¢hghekmuenocmu epaghena 6 Kavecmee HAHOHANOAHUMENS NO3B80Asiem 0aMb KOPPEKMHOe ONUcanue Mooyis
YHpYeocmu paccmMampueéaemvix HaAHOKOMNO3UMO8 C HOMOUWBIO NPOCHO20 NPABUAA CMeCel.

Karoueevie cro6a: nanokomnosum, epager, aspeeayus, maKmouo, Mo0yab Ynpyeocmu, OKpYICcarouas cpeoa, npaguio cmecei

BBenenne

B Hacrosiiiee BpeMs 1jisl OnMcaHusl CBOUCTB MO-
JIMMEPHBIX HAHOKOMITO3UTOB, B OCHOBHOM MCIIOJIb3Y-
0T MPaBUJIO cMecell WM ero MOoAuM(pUIIMPOBAHHbIE
¢opMBbI, YIUTHIBAOIINE crielupuIecKrue 0COOeHHOCTH
HaHOHAIOJHUTES (€Tr0 YPOBeHb aHU30TPONUU, OPU-
eHTaumio U T. 1. [1]). [Tpu 3TOM MOAOOHBIE OLIEHKU
HMMEIOT CTaTUCTUYECKUI XapakTep, T. €. B KaueCTBe IM0-
KazaTesieid HAHOHATMOJIHUTENSI MPUHUMAIOT €Tr0 UCXO/I-
Hble XapaKTEePUCTUKM, HATTPUMED, MOIYJb YIIPYTOCTH,
JUIMHY, TOJIIMHY WIM AMaMETp HAHOYACTULBI U T. 1.
[2]. OnHako B ciyyae OLIEHOK TaKOro poja HeoOXoau-
MO YYUTBIBaTh, KAK MUHUMYM, ABa (DyHIAMEHTATbHBIX
apdexTa. Bo-nepBbiX, HAHOKOMIO3UTHI, KaK IIpaBu-
JIO, YCUJIMBAIOTCSl HE OTAEJbHBIMM HAaHOYACTHULIAMU,
a WX arperaTaMy, YbM XapaKTepUCTUKU, YKa3aHHbBIC
BbIIlI€, CYLUIECTBEHHO OTJIMYAIOTCSl OT IlOKaszaTesei
ucxoaHbeiXx HaHouacTull [3]. Tak, aBTopbl paboThl [4]
MPEMIOXUIN METOAUKY OLIEHKM MOIYJsSl YIPYroCTU
YIJIEPOIHBIX HAHOTPYOOK B MOJMMEPHOIN MaTpulie Ha-
HOKOMIIO31Ta U 1T HAHOKOMITO3UTOB TTOJMBUHUIIO-
BBl CIUPT/YIJIEpOAHbIE HAHOTPYOKM TMOMYYUIN 3HA-
YyeHue 3Toro napamerpa, pasHoe 71 +55 I'Tla, yto npu-
MepHO B 20 pa3 MeHbllIe €r0 HOMUHAJIbHOTO 3HAYEHMUSI.
DTO 03HAYaeT, UTO XapaKTEPUCTUKM HAHOHATIOJTHUTE-
JIsI SIBJISIIOTCS (DYHKIMEH ero CTeNeHu arperaliuu, mpu-
yeM (hopMa TaKOro arperata MOXeT ObITb pa3HOM IJIst
pa3IMYHBIX TUIIOB HAHOHAIIOJTHUTENS: YIJIEPOIHbBIE
HAHOTPYOKHM B MOJMMEPHON MaTpUlle HAHOKOMITO3M -
Ta 00pa3yloT KoJblicoOpa3Hbie (POPMUPOBAHUS, Ybs
CTPYKTYpa SIBJISIETCSI aHAJIOIOM CTPYKTYpPbl MaKpOMO-
JIEKYJIIPHOTO KJIyOKa pa3BeTBIEHHBIX MOJIUMEPOB [1],
a 2D-HaHoHanonHUTeIu (Hampumep rpadeH) hopmu-
PYIOT Mayku (TaKTOM/bl), YUCJIO TJIACTUH B KOTOPBIX
MOXET U3MEHSThCS MPaKTUYECKU Ha TpU Iopsaka [5].
BropeiM BaxxHbIM (akTOpoM ormnpeaeaeHust sddex-
TUBHOIO (peajJbHOI0) MOAYJSI YIPYTrOCT HAHOHAMOJ-
HUTEJIST B MOJUMEPHON MaTpulle SIBJSETCS €€ KecCT-
KOCTb — OYEBHUIHO, YTO TIPU MPUJIOXEHUN K arperary
YacTU1l HAHOHATMOJHUTE/SI OAHOIO M TOrO Xe MeXa-

HUYECKOTO HampsiKeHUsl ero aeopMUpyeMOCThb Oy-
JIET TOPA3J0 BBIIIE B 3JIACTOMEPHOM MaTpUIie, a MO-
JIyJib YIIPYTOCTU COOTBETCTBEHHO ropa3ao HUXE, YeM B
CTeKJI00Opa3Hoii Matpuiie. Tak, aBTOpsl paboThI [6],
WCIIOJIb3Ysl YITOMSIHYTYIO Bblllle METOIMKY [4], mpone-
MOHCTPUPOBAJIM, YTO JJII HAHOKOMIIO3UTOB 3MOKCH-
nojuMep/opraHorjivHa [7] Momayib yIpyroctd HaHO-
HaIOJHUTENSA, U3MEHEHHBIM MpU TeMMepaType HUXe
TEMIIEpaTypbl CTEKJIOBAHUS, TOPA3/10 BhIIIE 3TOTO Ma-
pameTpa 11 KaydyyKOIIOgOOHOM MOJIMMEPHON MaTpU-
ubl. M, HakoHel, B pabote [8] ObLIO MOKa3zaHO, YTO
3(hGEeKTUBHBIA MOIYJIb YIIPYTOCTU HaHOHAIIOJHUTES
JIJIsI JIIOOOro €ro TUIa SIBJseTcsl (PyHKIMEH 3TOro mo-
KazaTeJisl 1Jisl MoJIMMepHO# MaTpuilbl. [ToaTomy 1ebto
HacToslIIel paboThl SIBSIETCS BbIsICHEHUE (DAKTOPOB,
BJIUSIIOIIMX Ha 3HaueHUe 3(GEeKTUBHOTO MOIYJISI Y-
pyroctu 2D-HaHOHANOJHUTENS B IOJMMEPHOIN MaT-
pulle U, cienoBaTesJbHO, Ha ero 3¢h@eKTUBHOCTh B
KauyecTBe YCUJIMBAIOLIETo (apMUPYIOLIETO) 3JIeMeHTa
CTPYKTYpPbl HAHOKOMITIO3UTa Ha mpumMepe 11 HaHOKOM-
MOo3UTOB ToJuMep/rpadeH [9].

Pe3yabTaTsl u 00cyxaenne

[ns sKCHeprMMEHTaJIbHOTO OOOCHOBaHUSI U TIOA-
TBEPKACHUS TIpeaiaraeMoil TPaKTOBKM MCIIOJIb30Ba-
Hbl HEOOXOAMMbIe NaHHbIe W 11 HAHOKOMITO3UTOB
nonumMmep/rpadeH co CTeKIoo0pa3Hoil U aMOpgHO-
KpUcCTaJUIMyecKoi Matpulieit [9]. 3HayeHUsT MOy
YIIPYTOCTM MaTPUYHOro rnosumMepa £, u 06beMHOro
colepxaHud rpadeHa ¢, BapbUpOBAaIU B Ipelesax
0,26...2,35 T'Tla 1 0,0046...0,031, cOOTBETCTBEHHO, T. €.
MPUMEPHO Ha TTOPSIIOK.

[IpaBuio cMeceit i mapajiesibHOro MOCTPOSHUS
3JIEMEHTOB CMECU M OIHOPOAHOI Aedopmaliuu B a-
3aX MOXHO 3aMucaTh CAeIyIIIUM 00pa3oM MPUMEHU-
TEJIbHO K HaHOKOMITO3UTaM [4]:

EH = (nacpErp - EM)(PH + EMa (1)

roe B, u EFp — MOMYJIb YIIPYTOCTU HAHOKOMIIO3UTA 1
HaHOHAMOHUTEIsI (rpadeHa), COOTBETCTBEHHO; My, —
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Koa(ppuureHT 3¢PEeKTUBHOCTU peaau3allid CBOICTB
HWCXOMHOTO HAaHOHAIMOJHMTENS, MOKa3blBAIOIIMX MX
W3MEHEHMSI B CUJIy arperalin rpadeHa Wi APYTHUX
Kakux-11moo ¢aktopoB. HeTpynHo BuaeTh, 4TO mapa-
METP naq,Erp npencrasisier coboit 3¢ GeKTUBHBIN (pe-
aJIbHBII) MOAYJIb YOPYrocTu rpadeHa B MOJIMMEPHOM
MaTpuIle HaHOKOMITO3HTa.

Ha puc. 1 npuBeaeHa 3aBUCUMOCTb KO3(hGULIM-
eHTa 3 (PeKTUuBHOCTHU Ny¢p» PACCUMTAHHOTO COIIACHO
ypaBHeHu10 (1), OT Momynst YINpyrocTu MaTpUYHOTO
noaumepa Ey, (rmpeamoyaraercs, 4YTo 3HA4YEHU MOJY-
JIel yIpyrocTy MaTpUYHOTIO MOoJMMepa U MOJMMEpPHOI
MaTpUIILI HAHOKOMITO3UTA paBHBI) I 11 paccmaTtpu-
BaeMbIX HAHOKOMMO3UTOB noiuMep/rpadeH. M3 atoit
3aBHCHMOCTH CJIEAYET POCT 1,4, [0 MEPE YBEITMUCHHsI
E,,, HO OoJblION pa3dpoc HaHHBIX IIPEAIIoaraeT He
KOPPEJISILIMIO 3TUX MTapaMeTPoB, a CKOpee TEHAEHIIMIO
UX U3MEHEHMs. DTO O3HayaeT, 4yTo KO3 UIUEHT
VHTCHCUBHOCTH 1,4, 3aBUCHUT HE TOJIBKO OT E;, HO 1
oT apyroro (mapyrux) ¢akropa. Takass 3aBUCHMMOCTD
OXUJanach, MOCKOJbKY MOJUMEPHbIE HAHOKOMITO3U-
THI SIBJISIOTCS TePMOAWHAMHWYECKA HEPaBHOBECHBIMM
TBepAbIMU TeJdaMu [9], ISl omucaHUs CTPYKTYpbl M
CBOMCTB KOTOPBIX COTTIaCHO TTpUHINMY [1puroxmHa —
Hedast TpedyeTcs He MeHee AByX napameTpoB [10]. Ta-
KUM (bakKTOPOM MOXET OBbITb OObEMHOE COIepXKaHUe
HaHOHATOJIHUTEJA @y, KOTOPOE TaKXKe BXOIUT B ypaB-
HeHue (1) u Hapany ¢ E,, gBsgeTcs nepeMeHHOM Be-
JIMIWHOM, TOTIa KaK 3HAYeHWE MOIYJIS YIIPYTOCTH Ipa-
¢eHa mpuHaTO MOCTOSIHHBIM U paBHbIM 1000 I'TIa [9].

Ha puc. 2 npuBeneHa 3aBUCUMOCTb KO3 ULIMEHTA
3 PEKTUBHOCTH My, OT ¢y, TAC BUACH CUIBHBIN CrIaj
Ny¢ B IOBOJIBHO y3KOM MHTepBalie ¢,. OnHako 60b-
LIO¥ pa30pOC JaHHBIX 3aBUCHMOCTH M,q)(¢,,) BHOBb He
ITO3BOJISIET CUUTATH €€ KOPPEJIsIIIreii.

CkaszaHHOE BBILIC MPEIIONATaeT, YTO My, YBEIU-
YMBAETCA [0 Mepe PocTa £, U CHUXKAETCH 110 MEPE I10-
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Puc. 1. 3aBucumocTs K03 Ppunmenta 3¢pHeKTHBHOCTH Tygp OT MOAYISE
YIPYrOCTH MAaTPpHyHOro mosimmepa E, 11 HAHOKOMIO3HTOB NOJIH-
Mmep/rpadeH

Fig. 1. Dependence of the coefficient of efficiency s on the module of
elasticity of the matrix polymer E,, for the polymer/graphene nanocom-
posites
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Puc. 2. 3aBucumoctb K03 punuenta 3¢ppheKTHBHOCTH TMygy OT 00b-
€MHOT0 COIepKAHHsl HAHOHANOJIHATEIA @y, /Il HAHOKOMIIO3HTOB HO-

smmep/rpaden
Fig. 2. Dependence of the coefficient of efficiency nron the volume con-
tent of nanofiller ¢,, for the polymer/graphene nanocomposites

BBILLEHUS @,. DTO JAET OCHOBAHUS ISl IOCTPOEHUS
MpeArnosaracMoit Koppeasiiiiu B BUJE M 3(b(EM/(pH), KO-
Topas mpuBeAcHa Ha puc. 3. Takoe mocTpoeHue OII-
paBnano cebs. Kak cienyer us rpacduka puc. 3, no-
JIyueHa JOCTaTOYHO XOpolllasi JUHeHass Koppessius
MEXIY Nyg U KOMIUIEKCHOI XapaKTepUCTUKON E /¢,
KOTOPYIO aHAJIUTUYECKHU MOXKHO OMKCaThb CAEAYIOLIUM
o0paszoM:

Nogy = 7+ 107(E,/04), )

rae 3HaueHue E, naeTcsd B rMramnackausx.

MOXHO MPearonoXuTb, YTO CHUXKeHUe 3¢hdeKTrB-
HOCTU peajM3alliu YIpyrux CBOMCTB rpacdeHa odyc-
JIOBJIEHO HE COOCTBEHHO MOBBILLIEHUEM @, & YCUJIEHU-
€M arperaiyu 3TOro HaHOHAMOJIHUTESI TT0 Mepe PoC-
Ta ero comepxaHus [11]. OLeHUTH CTeNeHb arperalyumn
2D-HaHOHAMNOJIHUTENS, KOTOPBHIE B 3TOM IIpoliecce
o0pasyeT Mnayku (TaKTOMIbI), cCOCTOALIME U3 N, KOJ-
JIMHEAPHO YJIOXEHHBIX OTAEJbHBIX TUIACTUH I'pacdeHa,
MOXHO ciienytoium oopazom. B pabote [1] aist HaHO-
KOMIO3UTOB TouMep/2D-HaHOHAMOMHUTENb ObLIO
MPEMIOKEHO CIEAYIOLIEE YPABHEHUE:

EJ/E, =1+ agy, 3)

IJe o — acleKTHOe OTHOLIEHHUE, XapaKTepu3ylollee
YPOBE€Hb aHU30TPOIIMHU arperaTtoB (TakTouaoB) 2D-Ha-
HOHAIOJIHUTENIA, a OTHOUIeHue £,/ E,, TpPUHATO Ha3bI-
BaTh CTEIIEHBIO YCUJICHNSI HAHOKOMITO3MTA.
Bennuuna o n1s1 rpadeHa omnpeaensieTcs: Cleaylo-
M obpasom [1]:
a = LHﬂ/tTaKT’ (4)

rae L, — anvHa rmiacTuHel rpadena, pasHad ~1000 Hm
[9]; #,4¢r — TOMIMHA arperata (Takrouaa) rpadeHa.

TonmuuHa onHOH MIacTUHBI rpadeHa f,,;, COCTOsI-
1LIei 13 Tpex clloeB, paBHa ~1 HM [5, 9], u Torma uyncio
IJIACTUH TrpadeHa B OJHOM TaKTOWIE MOXKHO OIle-
HUTh TaK:

Nl‘[J‘l = tTaKT/tHJ'I' (5)
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Puc. 3. 3aBucumocts K03 pumuenta 3(pGpeKTHBHOCTH Ty OT KOM-
IUIEKCHOTO noKka3arens E, /@, Ul HAHOKOMIIO3UTOB NoJmmep/rpaden

Fig. 3. Dependence of the coefficient of efficiency Ngr on the complex
parameter E, /¢, for the polymer/graphene nanocomposites

dnsa paccMaTprBaeMbIX HAHOKOMITO3UTOB ITOJIM-
Mep/rpacdeH 3HaueHue N, COIJIACHO BBINOJIHEHHBIM
OlleHKaM BapbUpyeTcs B mpeaenax 2,2...75,2, 4To Xo-
pPOLIO COLJIACyeTCsl C UHTEPBAJIOM BO3MOXHOIO M3MeE-
HEHHUS 3TOTro MapaMeTpa sl rpadeHa, KOTOPbI paBeH
1...100 [5].

Ha puc. 4 npuBeaeHa 3aBUCUMOCTD ITapaMeTpa Mo
pacCYMTaHHOIO COrjacHo ypaBHeHMIO (1), oT KowmIl-
JieKcHoro mnokasarens £, /N, .. Kak MOXHO BUIETS,
MOJIy4eHO MPEeBOCXOIHOE COOTBETCTBME TUX MapaMeT-
POB — KX CpeHEEe pacXoxXIeHUe MO abCONIOTHON Be-
JIMYUHEe cocTapisteT Bcero 2 %. Takum oOpazoM, a¢-
(beKTUBHBII MOAYIb TAKTOUIOB rpadeHa E:p B TTO-
JIMMEPHOI MaTpulle HAHOKOMITO3UTa OIPEaeIsieTCs
IBYMs1 hakTopaMu: MOIYJEM YIPYrocTH MaTpUYHOTO
MojMMepa U YpOBHEM arperauuvu rpadeHa, xapakre-
PU3YEMBIM BEJIMYUHON N, U MOXET ObITh BbIPAXEH
cenyroumM oopazom:

E_F
ap _ p—M
p - N ) (6)

T

rae EFp u E,, naHbl B rUranackasx.

Hdnsa paccMaTpuBaeMBIX HAHOKOMITO3WUTOB ITOJIM-
Mep/rpadeH 3HaueHue Er3 npu Erp = 1000 I'TTa Ba-
pbupyetcs B npeaenax 17...338 I'Tla, uyTo cyliecTBeHHO
HUXE HOMMHAJbHOTO 3HAYEHMSI MOIYJST YIPYroCTU
rpageHa Erp.

C yyeroM ypaBHeHUs (6) MOAU(PUIIMPOBAHHOE
MpaBUIO CMecell 111 HAHOKOMITO3UTOB IOJIMMep,/Tpa-
(eH MOXHO 3amucaTh CleayolIUM 00pa3oM:

Eo

— T H

E, = EM[~N!L— + (1 = @), TTa, (7)
T1

13 KOTOPOTO CJIEAYET, YTO MOAYJIb YIIPYTOCTH YKa3aH-

HBIX HAHOKOMIIO3UTOB £, ompeznesnseTcd OAByMs (Pak-

TOpaMu: €ro 3HaueHUE PACTeT MO Mepe IMOBBILICHUS
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Puc. 4. 3aBucumocts Ko3ddunuenta 3¢pHeKTHBHOCTH Tygy OT KOM-
nJIeKcHoro nokasarens E,,/ N, , U5l HAHOKOMIIO3UTOB oJiumep,/Tpaden

Fig. 4. Dependence of the coefficient of efficiency Ngr On the complex
parameter E, /N, for the polymer/graphene nanocomposites

MOJYJISl YIPYTOCTH MAaTPUYHOTO TMOJMMEpa U CHUXKa-
€TCSI TI0 Mepe YCUJICHMS arperaliii HaHOHATIOJTHUTE-
ng. M3 ypaBHeHus (7) Takke cleayeT CyllecTBeHHast
poJTb 3HAYEHUS HOMWHAJIBHOTO MOIYJS YIIPYTOCTH
HaHOHAMONMHUTENs E ), KOTOPOe MOXET M3MEHSIThCS
B 5 paz — ot 200 I'Tla mnst opranormuusl 1o 1000 I'Tla
nsa rpadeHa [9]. M B 3akitoueHHE OTMETUM, UTO
NMpeaIoXeHHasi TpaKTOBKa IOIycKaeT sl 3Choanu-
posaHHOTO rpadena (N, = 1) 3HayeHue Nogy ~ 1, co-
IJIACHO JAaHHBIM puC. 4 ISl 1OCTaTOYHO BBICOKOMO-
JyJbHBIX MAaTPUUYHBIX TonuMeposB ¢ £, > 1 I'Tla.

3akmoueHue

Takum o0Opa3om, pe3ynbTaThl HACTOSIIEN PaOOTHI
nokasanu, 4to 3(pdeKTUBHOCTh TpadeHa B KauyecTBe
apMupyollero (yCUIMBawILero) 3JeMeHTa CTPYKTY-
PHI TIOJMMEPHBIX HAHOKOMITO3UTOB OIPENEIISIIOT 1Ba
(akTopa: MOAY/Ib YIPYroCTU (3KECTKOCTb) MAaTPUUYHO-
ro TIOJIMMEpPA M CTEIIeHb arperaliid HaHOHAITOJTHUTE-
Jig. YBeJIMYeHME XECTKOCTM MaTpUYHOIo IoJuMepa
noBbIIaeT 3(ppekTUBHOCTH rpadeHa, a pocT CTeNeHU
arperaliyi HaHOHAIOJIHUTENS CHUXaeT ee. BaxHyto
pOJIb B YCUJIEHUU HAHOKOMITIO3UTOB UIPAET TaKXe MO-
JIyJIb YIIPYTOCTU COOCTBEHHO HaHOHamogHuTess. [lpu
OIIpeeICHHBIX OOCTOSITENLCTBAX KO3(pduimeHT 3¢-
¢exTuBHOCTU 2D-HAaHOHAMOJIHUTESI MOXKET IIPEBBI-
CUTb EAMHUILY.
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At present at estimation of graphene efficiency as nanofiller for polymer nanocomposites, as a rule, its initial nominal charac-
teristics take into consideration, namely, high modulus of elasticity and large anisotropy degree. In this case description of nano-
composite modulus of elasticity is performed within the framework of micromechanical models, that gives overstated results. For real
nanocomposites two factors, influencing on value of modulus of elasticity of nanofiller in polymer matrix, follows to take into con-
sideration, namely, aggregation of initial platelets of graphene (formation of tactoids) and stiffness of environment of tactoids (pol-
ymer matrix). The nanofiller efficiency can be estimated with the aid the simple mixtures rule at introduction in it coefficient of na-
nofiller efficiency. On the example of eleven nanocomposites polymer/graphene, where modulus of elasticity of matrix polymer was
changed about one order of value, the increasing of coefficient of efficiency for graphene at growth of modulus of elasticity of matrix
polymer (enhancement of the stiffness of environment) and its reduction at increasing of nanofiller contents (enhancement of ag-
gregation degree of initial platelets of graphene) were shown. However, the indicated correlations have enough large scatter. There-
fore the generalized dependence of efficiency coefficient of graphene on integrated characteristic — modulus of elasticity of matrix
polymer, divided on volume contents of nanofiller was constructed. Such shape of dependence is linear one and its data scatter is
small. The estimation of aggregation degree of graphene in the considered nanocomposites was fulfilled with the aid of number of
graphene platelets per one tactoid, which varies in enough large interval — 2.2...75.2. The appreciation of aggregation degree of
graphene shows that effective (real) modulus of elasticity of nanofiller grows at increasing of its nominal value and the same pa-
rameter for matrix polymer and reduces at growth of platelets number of graphene per one tactoid. This observation allows to obtain
the modified mixtures rule, which takes into account all indicated above factors and demonstrates, that coefficient of efficiency of
2D-nanofiller at the definite conditions can be exceed one.

Keywords: nanocomposite, graphene, aggregation, tactoid, modulus of elasticity, environment, mixtures rule
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Introduction

Usually, for description of the properties of the pol-
ymeric nanocomposites the rule of mixtures or its mod-
ified forms are used taking into account the specific fea-
tures of a nanofiller (its level of anisotropy, orientation,
etc. [1]). At the same time such estimates have a static
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character, i.e. as indicators of the nanofiller its initial
characteristics, for example, the elasticity module,
length, thickness or diameter of a nanoparticle are ac-
cepted [2]. However, in case of such estimates it is nec-
essary to take into account, at least, two fundamental
effects. The first is that the nanocomposites, as a rule,




are reinforced not by separate nanoparticles, but by
their aggregates, whose characteristics, stated above,
differ significantly from the parameters of the initial na-
noparticles [3]. So, the authors [4] proposed a tech-
nique for assessment of the module of elasticity of the
carbon nanotubes in a polymeric matrix of a nanocom-
posite, and the value of this parameter for the nano-
composites of the polyvinyl alcohol/carbon nanotubes
was accepted as equal to 71 = 55 GPa, which was about
20 times less than its nominal value. This means that
the characteristics of a nanofiller are a function of the
degree of its aggregation, and the form of such an ag-
gregate can be different for various types of the nano-
fillers: the carbon nanotubes in a polymeric matrix of a
nanocomposite form the ring-shaped formations,
whose structure is an analog of the structure of a mac-
romolecular coil of branched polymers [1], while the
2D-nanofillers (graphene, for example) form packs
(tactoids), the number of the plates in which can differ
practically by three orders [5]. The second important
factor for definition of the effective (real) module of
elasticity of a nanofiller in a polymeric matrix is its ri-
gidity — it is obvious that when the same mechanical
stress is applied to an aggregate of particles of a nano-
filler, its deformability will be much higher in an elas-
tomeric matrix, and the module of elasticity will, re-
spectively, be much lower, than in a glassy matrix. So,
[6], using the technique [4] mentioned above, the au-
thors demonstrated that for the nanocomposites of the
epoxypolymer/organoclay [7] the module of elasticity
of the nanofiller, changed at a temperature below than
that of the glass transition temperature, was much high-
er than this parameter for a rubber-like polymeric ma-
trix. And, finally, in the work [8] it was demonstrated
that the effective module of elasticity of a nanofiller for
any of its type is a function of this parameter for a pol-
ymeric matrix. Therefore, the aim of the given work is
clarification of the factors influencing the value of the
effective module of elasticity of a 2D-nanofiller in a
polymeric matrix and, therefore, its efficiency as the
strengthening (reinforcing) element of the structure of
a nanocomposite on the example of 11 polymer/graph-
ene nanocomposites [9].

Results and discussion

For the experimental substantiation and prove of the
proposed method the data necessary for 11 poly-
mer/graphene nanocomposites with a glassy and an
semicrystalline matrix were used [9]. The values of the
module of elasticity of the matrix polymer E,, and the
volume content of graphene ¢, varied within the limits
of 0.26...2.35 GPa and 0.0046...0.031, respectively, i.e.
they differed approximately by an order.

In relation to the nanocomposites [4] the rule of
mixtures for a parallel construction of the elements of

mixture and uniform deformation in the phases can be
presented in the following way:

where E, and E,,. — the modules of elasticity of the na-
nocomposite and the nanofiller (graphene), respective-
ly, n of — coefficient of efficiency for realization of the
properties of the initial nanofiller showing their varia-
tions due to aggregation of the graphene or other any
factors. It is easy to see that parameter of n engr is an
effective (real) module of elasticity of the graphene in
a polymeric matrix of a nanocomposite.

Fig. 1 presents the dependence of the coefficient of
efficiency n of calculated according to the equation (1),
on the module of elasticity of matrix polymer £, (it is
expected that the values of the modules of elasticity of
the matrix polymer and the polymeric matrix of the
nanocomposite are equal) for 11 considered poly-
mer/graphene nanocomposites. From this dependence
the growth of n,,follows in the process of increase of
E,,, but a wide spread of the data will result not in a cor-
relation of these parameters, but rather in a trend for their
variation. This means that the intensity coefficient of n,,
depends not only on £, but also on the other factor (fac-
tors). Such a dependence was expected, because the pol-
ymeric nanocomposites are thermodynamically non-
equilibrium solid bodies [9], and, according to the prin-
ciple of Prigozhine-Defay, a description of their structure
and properties requires not less than two parameters [10].
Such a factor can be the volume content of the nanofiller
¢, which is also a part of the equation (1) and alongside
with E,, is a variable value, whereas of the value of the
module of elasticity of the graphene is assumed as con-
stant and equal to 1000 GPa [9].

Fig. 2 presents the dependence of the coefficient of
efficiency n,ron ¢, where a strong decline of n,rin a
rather narrow interval of ¢, is visible. However, a wide
spread of the data of dependence n ef((pn), again, does
not allow us to consider it a correlation.

The above presented facts assume what n,, increases
in the process of growth of E,, and decreases in the proc-
ess of growth of ¢,,. This gives us grounds for construction
of the proposed correlation in the form of n ef(Em/(pn),
which is presented in fig. 3. Such a construction has jus-
tified itself — as it appears from the diagram in fig. 3,
a rather good linear correlation was received between
nerand the complex characteristic of £,,/¢,, which can
be described analytically in the following way:

Ny ="7°107(E,/9,), )

where the value of E,, is given in gigapascals.

It is possible to assume that the decrease of the effi-
ciency of realization of the elastic properties of the graph-
ene is caused not by the actual increase of ¢,,, but by in-
tensification of the aggregation of this nanofiller in the
process of its contents’ growth [11]. It is possible to es-
timate the extent of aggregation of the 2D-nanofiller,
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which in this process forms packs (tactoids) consisting of
Np, collinearly laid separate plates of the graphene, in the
following way. In the work [1] the following equation was
offered for the polymer/2D-nanofiller nanocomposites:

Ey/E, =1+ ag,, 3)

where o — the aspect relation characterizing the level
of anisotropy of the aggregates (tactoids) of the 2D-na-
nofiller, while E,/E,, relation is usually called the ex-
tent of reinforcement of a nanocomposite.

Value o for the graphene is defined as follows [1]:

o= Lpl/ Yacts 4)

where Lp, — length of the graphene plate equal to
~1000 nm [9], #,,; — thickness of the aggregate (tac-
toid) of the graphene.

Thickness of one graphene plate of 7, consisting of
three layers is equal to ~1 nm [5, 9] and then the
number of the graphene plates in one tactoid can be es-
timated as:

Npl = ttact/tpl' (5

According to estimates, for the considered poly-
mer/graphene nanocomposites the value of Npl, varies
within 2.2...75.2, which agrees well with the interval of
a possible variation of this parameter for the graphene
equal to 1...100 [5]. Fig. 4 presents the dependence of
parameter n,, calculated according to equation (1), on
the complex indicator of £,/ N, Asitis possible to see,
an excellent correspondence of these parameters was
obtained — their average divergence by the absolute
value equals to only 2 %. Thus, the effective module of
the graphene tactoids of F er in the polymeric matrix of
a nanocomposite is defined by two factors: by the
module of elasticity of the matrix polymer and by the
level of aggregation of the graphene characterized by
the value of N, and it can be expressed as follows:

E_E
€f= r—m
E,] Lsz , (6)

where Egr and E,, are given in gigapascals.

For the considered polymer/graphene nanocompos-
ites the value of E,. at E, = 1000 GPa varies within
17...338 GPa, WhiC‘il is significantly lower than E,., the
nominal value of the module of elasticity of the graphene.

Taking into account equation (6), the modified rule
of mixtures for the polymer/graphene nanocomposites

can be presented in the following way:

E, = Em[%%(p”j +(1 - ¢,), GPa, 7)
pl

from which it follows that the module of elasticity of
the specified nanocomposites E,, is defined by two fac-
tors: its value grows in the process of increase of the
module of elasticity of the matrix polymer and decreas-
es in the process of intensification of aggregation of a
nanofiller. From the equation (7) we also get an essen-
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tial role of the value of the nominal module of elas-
ticity of nanofiller Egr, which can vary in 5 times —
from 200 GPa for the organoclay up to 1000 GPa for
the graphene [9]. And in conclusion we should point
out that, according to fig. 4, the proposed method ad-
mits for the exfoliated graphene (Ny; = 1) the value of
Nef > 1 for the rather high-modular matrix polymers
with £, > 1 GPa.

Conclusion

Thus, the results demonstrated that the efficiency of
the graphene as the reinforcing (strengthening) element
of the structure of the polymeric nanocomposites is de-
fined by two factors: by the elasticity module (stiffness) of
the matrix polymer and by the extent of aggregation of a
nanofiller. An increase of the stiffness of the matrix pol-
ymer increases the efficiency of the graphene, while the
growth of the extent of aggregation of the nanofiller re-
duces it. An important role in reinforcement of the na-
nocomposites is also played by the elasticity module of
the nanofiller itself. Under certain circumstances, the co-
efficient of efficiency of a 2D nanofiller can exceed a unit.
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Boinoanen anaauz npuHyunoe co30aHUs 8aKYYMHbIX MUKPOMPUOOO8, KOMOPble MOSYH COCMABUMYb OCHOBY 8AKYYMHbIX UH-
meepanvHuix cxem. /s noayueHus ONMuManbHulX KOHCMPYKMOPCKO-MEXHON02UMECKUX PelleHUll HeoOX00UuMOo GblaeaeHue npo-
mueopeuull, Komopbwle A6AAIMC NPUYUHOU CO30AHUS HOBbIX MEXHOA0SUMECKUX Mem0008 u Hanpaerenull. Ilodpo6Ho paccmom-
DPeHbl 0COOEHHOCMU BAKYYMHBIX MUKPOMPUOO08 ¢ NAAHAPHO-MOopuesbimu Kamooamu. OcHoeHas mpyoOHOCMb 8 CO30AHUU CIAOULL-
HbIX ABMOIMUCCUOHHBIX KAMOO08 COCIOUM @ MeXHOA0UHEeCKUX 0COOeHHOCMAX NPUMEHAeMbIX Mamepuanos. [Ipumenenue 04
U320MOBACHUS ABMOIMUCCUOHHBIX KAMOOD08 HAHOYAePOOHbIX MAMEPUAN08 daem G03MONCHOCHb PeUUmyd YKA3AHHYI0 npodaemy.

Karouesnie caosa: saxyymHuLi MUuKpompuoo, asmosmummep, HAGHAPHO-MOPYUE8oU Kamood, aimasono000Has HAHOKOMNO3UM -

HasA nieHKa

BBenenne

B HacTosiiiee BpeMsi MHTEHCHMBHO pa3BUBaeTCs
HOBOE HaIlpaBJICHUE JEKTPOHHOM TEXHUKH, BO3HUK-
11Iee Ha CThIKe MUKPORJIEKTPOHUKU U BaKyYyMHOM TeX-
HUKU — BaKyyMHasi MUKpO3JIeKTpoHUKa. Mccienona-
HUSI TI0 CO3JJaH1I0 BAKYYMHbBIX aKTUBHBIX 3JIEMEHTOB U
MUKpPOBaKyyMHBIX TipubopoB CBY Ha ux ocHoOBe, He-
CMOTPSI Ha OOJIbIIIME TOCTUXKEHUS TTOJYTTPOBOIHUKO-
Boit CBY 3J1eKTpOHMKM, MOKa3alu OOJIbIIYIO Tepc-
MIEKTUBHOCTh Pa3BUTHUS 3TOTO HarpasieHus [1—4].

OcHOBHbIE THIIBI BAKYYMHbIX MUKPOTPHOI0B

B KkauecTBe aKTHUBHBIX 3JIEMEHTOB BaKyyMHOM
uHTerpanbHoil cxeMbl (BC) UCmonb3y0TCss MUKpPO-
BaKyyMHbIe TPUOOPHI HA OCHOBE aBTO3MUTTEPOB, SIB-
JISTIOIIMECS aHaJlorTaMM BaKyyMHBIX TpuomoB. Cxe-
MaTUYeCKHhe U300paxkKeHUsI OCHOBHBIX KOHCTPYKLMIA
BaKyyMHBIX TPMOAOB IpUBeAcHBI Ha puc. 1—4 (cM.
TPETHIO U YETBEPTYIO CTOPOHBI OOJOXKM).

HoBbiit TMII HaHOpa3MepHBIX TPAaH3UCTOPOB C Ba-
KyyMHBIM KaHajioM (NVC, nanoscale vacuum channel)
ObLT pa3paboTaH y4yeHbIMM U3 MccienoBaTenbCKOro
uentpa HACA (puc. 1, cM. TpeTblo CTOPOHY 00JIOX-
kn). 3atBop B NVC-TpaH3KUCTOpe MrpaeT TaKylo Xe
pOJib, KaK U B 0ObIYHOM M0OJIEBOM TpaH3uctope. [1pu-
JIO’)KEHHOE K HeMy HampstkeHue (okojio 5 B) ynpasisi-

€T ITOTOKOM 3JIEKTPOHOB, TEKYIIIUM Yepe3 KaHal TpaH-
3UCTOpa OT OJHOTO 3JieKTpoaa K apyromy. B NVC-
TpaH3UCTOpe (PaKTUYECKM HET BAKyyMHOIO ITpOMe-
JKyTKa, €ro pOJIb BBIMOJHSET MMPOCTPAHCTBO, 3aIoJI-
HEHHOE MHEPTHBIM ra3oM, B JaHHOM CJIyJae TejaueM,
HaxoAsumMmcs Tpu atMocdepHoM aasieHuu. Iloc-
KOJIbKY PacCTOSTHUE MEXIY 3J1eKTpOIaMHu OUYeHb MaJlo,
He 0Oojiee 50 HM B OIBITHBIX 00pa3liaX, BEpOSITHOCTh
CTOJIKHOBEHMSI 3JIEKTPOHOB C aTOMaMU ra3a OUYeHb Ma-
Jla, 1 OHU CIIOCOOHBI ITepeMellaThcs B 3TOM cpefie ¢ Ta-
KOH K€ CKOPOCTbIO, KaK M B (DaKTMUECKOM BaKyyMe.
HcnbiTaHus onbITHBIX 00pa3iioB NVC-TpaH3UCTOPOB
MoKa3ajaud, YTO OHM COXPaHSIOT pabOTOCIIOCOOHOCTH
npu temnepatype 10 200 °C, npu KOTOpOii OObIYHbIE
TPpaH3UCTOPHl paboTaTh yxke He MoryT. Kpome Toro,
NVC-TpaH3UCTOPhl BBIAEPXKUBAIOT BO3AEMCTBUE HO-
CTaTOYHO MOIIHOTO MOTOKA MPOTOHHOIO W raMMa-u3-
JlydeHUH. DTU TPaH3UCTOPbI MOTYT HaliTU CBOE MECTO
B OyIyLIMX MHUKPOIPOLIECCOpPax, TaK KaK TEXHOJIOTUS
WX MPOU3BOJCTBA MOJHOCTHIO COBMECTHMA C TEXHO-
Jorueir 00biyHbIX KMOII cxeM. TeM He MeHee mis
MPOMBILIJIEHHOTO MTPUMEHEHMST TUX TOJYIPOBOIHU-
KOBBIX MPUOOPOB (hpu3MKaM ellle MPEeacTOUT PEelIrTb
npobsieMy HU3KOW MPOBOJMMOCTU — B 3KCIIEPUMEH-
TaJIbHBIX TpaH3ucTopax Julib 0,5 % 37JeKTPOHOB I0-
cturano aHona [5—S8].
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ABTO3JIeKTPOHHBIN 3MuUTTep CMHATA OBLI CO3MaH
B 70-x rr. XX B. B CteHadopackom yHuBepcurete [9].
OTO OBLT OAUH U3 IIEPBBHIX AaBTOIMUCCUOHHBIX ITPHUOO-
pOB, M3TOTaBIMBAEMBIX IO TPYIIIIOBON TEXHOJOTHM.
PazpaboTaHHass TexHOJOTrMs JAaBaja BO3MOXHOCTb
CO3IaHUS PELIeTKH aBTOKATOMOB C MOJUOICHOBLIMHU
octpusamu, coaepxapmux 1o 5000 ocTpuit ¢ pagny-
coM ckpymieHust ~50 HM M TIJIOTHOCTBIO YIIaKOBKM
~6,4-10° cM 2 K HaCTOSIIEMY BPEMEHHU CO31aHbl pe-
IIeTIAThIe KATOABI C pACCTOSHUEM MEXIY SMUTTEpaMU
0,32 MKM, pagnycoM OCTpHSI OKOJIO 2,5 HM U JuaMeT-
POM OTBEPCTHA B yIIpaBisionieM anekTpoae 0,16 MKM.
Ha puc. 2 (cM. TpeTbio CTOPOHY O0JIOXKKHN) MpeacTaB-
JIeHa CTPYKTypa BaKyyMHOIO TpaH3UCTOpa C KaToaoM
CniuHara.

OnucaHue OCHOBHBIX TEXHOJOTMYECKHUX IPOIIEC-
COB, MCIOJIb3YEMBIX TIPH M3TOTOBJICHUU MUKPOBAKY-
YMHBIX YCTPOMCTB, MOXHO HalTu B paborax [2, 3,
10—15].

OO0ObIYHAsT KOHCTPYKLMSI MPUOOPOB C IMOJEBBIMU
SMUCCHOHHBIMM KaToIaMU MMEET CJICIYIOIIUN TIops-
JTIOK PacITOJIOXKEHUS DJIEKTPOJOB MO BEPTUKAIM Ha IO~
JIOXKe: TIOMIOXKa,/Karon/3arBop/aHon. OgHako Tpu
HUCTIOJIb30BAHUN YKAa3aHHOW KOHCTPYKIIMU B MOJIEBBIX
SMUCCHOHHBIX IUCIUIESX WM B BaKyyMHBIX WHTET-
paJbHbIX MMKPOCXeMaX BO3HUKAIOT W3BECTHBIE IOMOJI-
HUTEJIbHBIE TEXHOJIOTMYECKHNE TPYIHOCTHU, CBSI3aHHBIC
¢ dopMHpOBAaHMEM CITeiCEepOB, ITOAMEPKUBAIOIINX
aHOI Ha OTpeAeICHHOM PACCTOSIHUM OT MOUIOXKH, U
repMeTH3aluneil Bceil CTPYKTYpHl Mprodopa. DTOT He-
JIOCTaTOK MOXET ObITh YCTpaHEH B IPpHUOOpE C MOJIEBBI-
MM SMHUCCUOHHBIMU KaTOJaM1 BEPTUKAIBHOTO THUTIA,
KOTOpasi MMeeT OOpaTHBIN MOPSIAOK PACIIOJOXKEHUS
3JIEKTPOAOB Ha MOJJIOXKKE.

[MonepeuyHoe ceyeHUEe KOHCTPYKUMU BaKyyMHOTIO
WHTErpaJIbHOTO MUKPO3JIEKTPOHHOIO mpubopa ¢ IIo-
JIEBBIMA 3MWCCUOHHBIMU KaTOAaMM BEPTUKAJIBLHOTO
TANA TpeiacTaBieHa Ha puc. 3 [16] (cM. yeTrBepTyIO
CTOPOHY OOJIOKKM).

Ha 6a3e pa3paboTaHHBIX U apOOMPOBAHHBIX TEX-
HOJOTUM (POPMMPOBAHUS OCTPUMHBIX MHUKPOIPHUOO-
POB Ha MOJYIPOBOAHUKOBOM TMOMIOXKE (Si) BO3MOX-
HO CO3/IaHUe 3JIEKTPOHHBIX IyIIEeK, TUOA0B, TPMOIOB 1
TETPOJOB B CIIEKTpe pabOYMX HaIpsKeHUH 25..10° B
C IUIOTHOCTHIO TOKA MOPSIAKA SAUHUL, MUIMAMIIEP Ha
KBaJpaTHbIA MUUTUMeETp. Mcronb3oBaHUE MOJYIIPO-
BOJHWKOBO TTOMJIOXKH MO3BOJISIET IIPUMEHSITh M HUA3-
KOBOJIbTHOE yIpaBiieHUe 6apbepoM IIIoTTKM.

KOHCTPYKTHBHO-TEXHOJIOTHIECKHE 0COOEHHOCTH
BaKYYMHbIX MHKPOTPHO/IOB
¢ IJIAHAPHO-TOPIEBBIMH KATOIAMH

ABTOSMNCCUOHHEIE TPHOAHLI (TPAH3UCTOPHI) C TO-
PU30HTAIBHONM TEOMETpPHEl pacCMaTpUBAIOTCSI Kak
OCHOBHBIE KaHIWAATHI IS pabOTHI HA CBEPXBBICOKMX
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yacToTax Oaromaps Ipucyllei X KOHCTPYKIIMA HU3-
KO eMKOCTH MEXIY SMUTTEPOM M YIPaBISIOLIUM
BJIeKTPOAOM. JIe3BUiTHbIE TUTAHAPHO-TOPLIEBBIE CTPYK-
TYypbl ¢ METANIMYECKUM KAaTOJOM, U3TOTOBJIEHHbIC Ha
IUDJIEKTPUIECKOM TIOMIOXKE, HE YYBCTBUTEJBHBI K
OINTUYECKOMY M JaXe K XECTKOMY HOHU3UPYIOIIEMY
WU3JYYEHUIO, UYTO 3HAYUTEJIbHO pacUIMpsieT o0JacThb
MIPUMEHEHUS TaHHBIX IPUOOPOB. DMUCCUOHHEIE TICHT-
pbl B JIE3BUIHBIX ILIaHAPHO-TOPLEBBIX IPpUOOpax
WMEIOT OJHOMEPHOE PACIOJIOXEHUEe, U CeaoBaTeb-
HO, MPUOOPHI, BEIOJIHEHHBIE MO0 JAHHOM TEXHOJOTUH,
YCTYMAIOT IBYMEPHOMY MAacCHUBY OCTPHIA IO IJIOTHO-
cTv Toka. OIHaKo MPHY U3rOTOBJICHUM TUTAHAPHBIX TTPU-
0OpoB He TpebyeTcsl co3maHue TPEXMEPHBIX CyOMUK-
POHHBIX MUKPOCTPYKTYP, UTO 3HAUMTEJILHO YIIPOIIaeT
TEXHOJIOTHIO MX M3rOTOBJIeHM. Paboure HanpsoKeHUS
proOpa JIETKO 3aJa0TCS TOJIILUMHON JUBJIEKTPUUECKUX
CJIOEB U MOTYT BapbupoBaTbes oT 50 mo 103 B. Tem-
JIOHArpy>keHrue MOHHBbIM TOKOM ILJIaHAPHO-TOPLEBBIX
CTPYKTYp IO CPAaBHEHUIO C TPATUIIMOHHBIMU CTPYKTY-
paMi Ha ocHoBe KartomoB Crimuira Bbime B 10° pas,
YTO 00ECIeYMBaeT UX BBICOKYIO JOJTOBEUYHOCTD, TOI-
TBEPXKIAESHHYIO 3KCNepUMeHTaIbHO [17].

KoHcTpyK1Ms BAKYYMHOTO MUKPOTPUOJA COCTOUT
W3 HECyllero ocHoBaHMs (TOMJIOXKK), Ha KOTOPOM
pazaeieHHbIMU AMAJIEKTPUYECKUMMU MPOCIOHKaMU BbI-
MOJIHEHbBI aHO (3JIEKTPO/I, UHULIMMPYIOLIUH SMUCCUIO
U OJHOBPEMEHHO SIBJSIIOLIMIACS KOJJIEKTOPOM 3MU-
TUPOBAHHBIX 3JEKTPOHOB), YIPABISIOIIMNIA 3JEKTPOL
U KaToJ (COOCTBEHHO aBTORJIEKTPOHHBLIA SMUTTED).
CrpyKTypa BaKyyMHOTO TIJIaHAPHO-TOPILIEBOTO MUKPO-
TpUoOAa MpeAcTaBieHa Ha puc. 4 (CM. YETBEPTYIO CTO-
pOHY 00yi0XKM). JJisi yBeJIMUeHUs HAIPSKeHHOCTU
MoJjisg BOJM3U KaTona, d9MUTUPYIOLIUIA 3JEKTPOJ, BbI-
MOJIHEH B BUJE TPEOEHKM C 3yOllaMU NPSIMOYTOJIbHOM
WIN TpeyroiabHou dopmel [18—20].

B xadecTBe MOIIOXKU MCIOJb3YIOTCSl CTEKIIO, Ke-
paMmKa, candup, KpeMHHUIT W KpeMHHUEBBIE TIPUOOP-
Hble CTPYKTYpbl [21—24]. B0O3MOXHO OpHUMEHEHUe
aJIMa3HBIX TIJIACTUH, UMEIOIINX BBICOKYIO TETUIOTIPO-
BOJHOCTb U DJIEKTPUUYECKYIO TpoUyHOCTh. Kpome Toro,
pagvaoHHas CTOMKOCTh ajMa3a HaMHOTO BEHIIIE,
YyeM paJavallMOHHAasl CTOMKOCTh KPEMHUSI U AUOKCHUAA
kpeMHust [25—27]. U3onupylolne cjiou co3aalTcs
NPEUMYLIECTBEHHO Ha OCHOBE IJIEHOK SiO, u SizNy,
HAHOCHMBIX TIOCPEICTBOM XMMUYECKOTO OCAXKIEHUS
u3 razoBoii ¢asel (CVD), momuumuna [23, 28, 29]. Yn-
PaBJISIOIINIA 3JIEKTPOI MOXET OBITH BBITIOJIHEH Ha OC-
HOBE META/JIOB C BBICOKOW pabOTOl BbIXOAA, YTOOBI
HUCKJIIOUUTh 9MUCCHUIO 31eKTpoHOB (Al, Ni u ap.).

HMcxogHpIMu MaTepuraaaMy IS CO3TaHMST aBTOKa-
TOAOB B MEPBYIO 0UYepeb CIyKaT TYTOIJIaBKUEe MeTa -
JIBL: BOJIbbpaM, MOJTUOIEH, PEHUH, TIJIaTUHA, a TaKXKe
MeTaJlJIbl MEePEeXOMHbIX TPYII: XpOM, HUOOMH, rad-
Huii. becurcieHHOe MHOXECTBO BApUAHTOB IJIST CO-
3MaHUSl aBTOKATOMOB JAIOT MOJYIPOBOAHUKOBbIE Ma-




tepuasipl. OMHAKO aBTOKATOMbI M3 TAKUX MaTepUaJIOB
HE MOTYT paboTaTh JIUTEJbHOE BPEMSI B YCIOBUSIX Ce-
PUITHBIX TIPUOOPOB, TaK KaK MPOMCXOAMT pa3pylicHHe
MUKPOBBICTYIIOB, OIPEIeNsIOIINX aBTOOMUCCUIO C
paboueii moBepxHocTH KaToma. B 1970-x rr. mosiBu-
JINCh TIEPBBIE COOOILIEHUsS 00 SMMCCUOHHBIX CBOMCT-
BaX YIJIEPOAHBIX MaTepUaloB (B OCHOBHOM YIJIEPOI-
Hble BOJIOKHA). JlanbpHeilye uccaeqoBaHus moKa3aiu
MPUHIUITMAIBHYIO TIEPCIIEKTUBHOCTD TAKMX MaTepua-
noB [30].

KartoaHblit y3en ¢ nmpuMEHEHUEM YIJIepoaAcoaep-
KallluX MaTepHaioB TIPEACTaBIsIeT CO00I MHOTO-
CJIOMHYI0 KOHCTPYKIIMIO, pa3MeIleHHYI0 Ha JAUBJIEeK-
Tpuueckoii onope. basuc katogHoro y3iaa (CoOOCTBEH-
HO aBTOBJIEKTPOHHBIN SMUTTEP) MMEET JIBa BapuaHTa
HUCIIOJHEeHMs. B nepBoM BapuaHTe 0a3uC BHIIIOJIHSIETCS
M3 yIaepoacoaepxallero marepuaina. B pabore [28]
paccMaTpuBaeTCsl KOHCTPYKIIMSI, B KOTOPOK YIJIepo-
Hasl TUIEHKa OT IMBJIEKTPUUYECKOW OMophl M3 OKCHAA
KPEMHHUS OTIEJICHA IJICHKOM XpOMa, BBIIIOJHSIOLIEH
pOJib aAre3MOHHOIO TIOACOS; Takasl Xe 3allluTHas
IUIeHKa HaHeceHa moBepx Oasuca. B pabore [31] co-
0o01IaeTCsl 0 CO3JaHUU OPUTUHAJIBHOM CTPYKTYPHI Ka-
ToAa ¢ aBToAMUcCcUeil ¢ TopuoB TOHKOK (20...30 HM)
TUIEHKHY aJMa30noJ00HOTro yriaepoaa; MI0OTHOCTh 9MUC-
CHMOHHOTO TOKA TAKUX IUIEHOK JOCTUTAeT 2 A/CM2 npu
HaIpsIXXKEHHOCTU 3JieKTpuueckoro nous 3...30 B/MkM.

B kauectBe 0asuca MOXET OBITh MCHOJb30BaHA
MPOBOAAIIAs JeTUPOBaHHAS aIMa30Iom00Hass HaHO-
KOMIMO3UTHAs TIJIEHKa, MMeEIollasi B CBOEM COCTaBe B
KayeCTBE OCHOBHBIX 2JIEMEHTOB YIJIEPOI, KPEMHMM,
MeTaJlJl, KUCIOpo U Bogopod. Ha moBepxHOCTHU TIeH-
KU pa3MelleH CJIOW JUOKCUAA KPEMHUS, MEXIY CIOEM
JUOKCUJA KPEeMHMSI U CJIIOEM TMPOBOJISIIETO JETUPO-
BaHHOTO aJIMa30IT000HOr0 MaTepuaia pa3MelleH Te-
PEXOIHBIN METAJUIMAHBIA HAHOCIION JUTS UCKITIOYEHUS
auddy3un Kuciopoaa, coaepxkainii atombl Me u Si,
MPUYEM CJIO TIPOBOJSIIIETO JIETUPOBAHHOTO ajiMa30-
MoJOOHOro MaTepuaja UMeEeT aTOMapHYyI0 KOHIEHT-
panuio yriepoga B mpemenax 25..39 % [32]. Ilpu
HCIIOJIb30BaHMU KapOua000pa3yolero Metaiia B Ha-
HOKOMIIO3UTE O0Pa3yloTCsl KPUCTAUTMIECKUE HaHO-
YacTHUIIbl ero kapouma. MeTawibl BIOMpAIOT U3 psiaa
UMEIONIMX CTaOUJIbHbIE KapOuabl, TAKMX KaK raHuit,
HUOOMI, TaHTaJl, TUTAH, UUPKOHMU. [TTaBHBIM (aKTo-
pPOM, OIIPEAeISIONINM BBIOOD JIETUPYIOIIETO MeTajlia,
SIBJISIIONIErOCss OCHOBOM HaHO(ba3bl HAaHOKOMIO3UT-
HOI aJMa30moA00HON IUIEHKU, SMUTUPYIOLIEH 3JIeK-
TPOHBI, SIBJISIETCS] 3HAUeHUE pabOThI BbIXOAA JIEKTPO-
Ha C MOBEPXHOCTM MaTepuana HaHodas3bl. Bapeupys
BUJ JIETUPYIOLLETO MeTajljla, MOXKHO B LIMPOKUX Tpe-
JieJlax MEHSTh IMOPOT SMUCCHU, UYTO PacCIIMpPsIeT BO3-
MOXHOCTH TTpUMEHEHUsT KaTOAHOIO y31a ISl pa3iny-
HBIX aBTO3MUCCHUOHHBIX pubopoB [33].

Bo BTOpOoM BapuaHTe B KauecTBe 0a3uca UCIOJb3y-
€TCs CJIOW MPOBOJSIILIEr0 MaTepraia ¢ HAHECEHHOM Ha

TOPIIEBYIO MIOBEPXHOCTD, OOPAIIEeHHYIO K aHOMY, ajMa-
30I10J00HON HAaHOKOMMO3UTHOM IIEHKOU. B paGote
[34] mpoBoasiumii cioit TomuuHoi 0,5 MKM ITOJTy4aioT
MUPOJIUTUYECKUM OCAXKIEHUEM TOJMKPEMHHMS U Jie-
rupoBaHueM ero ¢hbochopoM; HaHOaIMa3HbIE TTOKPbI-
a1 ToaumHoi 0,1...0,2 MxM ¢dhopMUpoBaIucCh TMpU
MUKPOBOJTHOBOM C 3JIEKTPOHHO-IUKJIOTPOHHBIM pe-
30HAHCOM TJIa3MOXMMHUUYECKOM OCaXJAEHUM U pabo-
yeM gaBjieHuM mapoB staHoja 0,1 Ila u Temmepatype
300...350 °C.

DekTpodUu3nIecKrue CBOMCTBA YIJIEPOAHBIX Ha-
HOTpYyOOK [a0T OCHOBAaHME pacCMaTpWBaTh MX Kak
MPEeBOCXOJHBIM MaTepUall JAJIs1 MOJy4YEeHUsI HU3KOBOJIb-
THBIX TTOJIEBBIX SMUTTEPOB C IUIOTHOCTHIO SMUCCUOH-
Horo Toka ~ 100 A/CM2. K HaHoTpyOKaM npeabsBisioT
JKeCTKHe TPeOOBaHUSI — OHM JOJKHBI ObITh MPSIMBIMU,
PaCITOJIOKEHHBIMH TIEPIICHANKYIISIPHO TIIOIIANKe, Ha
KOTOpOi OHU (hOPMUPYIOTCS, U UMETh OIMHAKOBYIO
JUTMHY W quaMeTp. B maHHOM cirydae 6a3mc mpeacTaB-
JIIeT COOOM TPEXCIONHYI0 MHPOBOISIIYIO CTPYKTYpY,
KOTOpasi 00s13aTeIbHO BKJIIOYAET CJIOH KaTaJauThuyec-
koro marepuaina (Fe, Co, Ni, HuUXpom u 1ip.), omnpe-
JIeJISIIONIEr0 aKTMBHOCTh OOpa30oBaHUSI HAHOTPYOOK.
B muianapHbIx mpubopax KaTaJUuTUYECKUIl 1ol oTae-
JIeH OT TIpUOOPHON CTPYKTYPHI aATe3MOHHBIM CI0eM
HaHOpa3MepPHOU TOJIIMHLI (BaHAIUEM, XPOMOM JIMOO
HUTPUIOM TUTaHa TOJLIMHON 0KoJIo 20 HM), a CBEpXyY
MMaCCMBMPOBAH METAUTMYECKUM CJIoeM (HampuMmep,
BaHaaueM). JAuaMeTp yriepoaHbiX HAHOTPYOOK CTPOTo
3a7aeTCsl TOJILIMHOMN KaTaIuTUUYECKOTO CJI0s1 (BbIOMpa-
ercss B guanazoHe 1..20 HMm). B miockom BapuaHTe
(opmupyroTcs TpyOKM MOYTH OJMHAKOBOTO AUaAMETpa,
a cJiefoBaTeNIbHO, OMMHAKOBA M CKOPOCTh UX POCTa, U
OKOHYaTeJbHas rMHa. IIIOTHBIM pPOCT HAHOTPYOOK
MaJlo OrpaHNYMBaeT SMUCCUOHHBIE CBOMCTBA 3MUTTE-
pa, Tak KaK HaHOTPYOKMU 0OpasyloT TOHKoe "e3Bue”
[22, 23, 35, 36].

O0630pbI Mo crioco6aM (HOPMUPOBAHUS U CBOMCT-
BaM YIJIEPOMHBIX W HAHOYTJIEPOTHBIX MaTePHAJIOB U
MOKPBITUI MpuBeaeHbl B padborax [30, 37—39]. Dop-
MHUpPOBaHWE IPYIUX 3JIEMEHTOB TPHOIOB OCHOBBIBA-
€TCs Ha METOMIaX TBEPAOTEIbHOM MUKPOS3JIECKTPOHU-
KM; OpU TNPEeUMYIIECTBEHHOM WCIOJb30BAHUM JJIsI
KOHTYpHOI 00pabOTKM IUIa3MOXUMUYECKOTO TpaB-
JIEHUS XKUAKOCTHOE TpaBjieHUe (ITOATPaBIMBaHUE IV -
3JIeKTpHUKa ¢ Topia 6asuca mepen GOpMUPOBAaHUEM
HAHOTPYOOK) MpUMEHSIETCS TSI co3aHus "e3Bus”,
JJIMHA KOTOpOro MoxeT konebatbcst oT 0,025 mo
0,5 mxmMm [35].

3akimoueHue

IIpoBeneH aHaiu3 KOHCTPYKTUBHO-TEXHOJOIU-
YEeCKUX BapUaHTOB M3TOTOBJAEHUS BaKyyMHbIX MUK-
poOTpUOAOB. MUKPOTPHOIBI C IIAHAPHO-TOPLEBBIMU
KaTogaMM MPUTOJHbBI IJi1 pabOThl Ha CBEPXBBICOKUX
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4acTOTax U YCTOMYMBBI K ACUCTBUIO BHEILIHUX JECTa-
ornmmsupylomux gakropos. I1py M3roToBIeHNN TaKNX
IUTAHAPHBIX IIPUOOPOB HE TpeOyeTcs COo3maHue TpexX-
MEPHBIX CYOMUKPOHHBIX MMUKPOCTPYKTYP, XapaKTep-
HBIX JIS1 aBTO3JIEKTPOHHBIX SMUTTepoB CHUHATA, YTO
3HAYUTEJILHO YIPOILIAeT TEXHOJOTHUIO.
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The authors present an analysis of the principles for development of the vacuum microtriodes, which can form the basis for the
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Introduction

Vacuum microelectronics is a new intensively de-
veloping direction in the electronic technologies, which
appeared on the boundary of microelectronics and vac-
uum technologies. Despite big achievements in the
semiconductor microwave electronics, the research and
development of the vacuum active elements and mi-
crovacuum devices on their basis demonstrated big
prospects in this direction [1—4].

Main types of the vacuum microtriodes

The microvacuum devices on the basis of autoemit-
ters, which are analogs of the vacuum triodes, are used
as the active elements in the vacuum integrated circuit
(VIC). Schematic images of the main designs of the
vacuum triodes are presented in fig. 1—4 (see the 3-rd
and 4-th side of cover).

Scientists from NASA Research Center developed a
new type of nanodimensional transistors with a vacuum

channel — nanoscale vacuum channel, NVC, (fig. 1,
see the 3-rd side of civer). The gate in the NVC tran-
sistor plays the same role, as in a regular field transistor.
The voltage (about 5 V) applied to it controls a flow of
the electrons moving via the transistor channel from
one electrode to another. In NVC transistor actually
there is no vacuum interval, its role is played by the
space filled with an inert gas, in this case — helium at
the atmospheric pressure. Since the distance between
the electrodes is very small, not more than 50 nm in the
prototypes, the probability of a collision of the electrons
with the gas atoms is very low, and they can move in
this environment with the same speed, as in the actual
vacuum. Tests of the prototypes of the NVC transistors
show that they preserve their workability at tempera-
tures up to 200 °C, when ordinary transistors cannot
operate any more. Besides, the NVC transistors with-
stand the influence of a powerful flow of the proton and
gamma radiations. These transistors can find their ap-
plication in future microprocessors, because the tech-
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nology for their production is completely compatible
with the technology of regular CMOS circuits. Never-
theless, for the industrial applications of these semicon-
ductor devices the physicists still have to solve the prob-
lem of their low conductivity — in the experimental
transistors only 0.5 % of the electrons reached the an-
ode [5—8].

Spindt autoelectronic emitter was developed in
1970s [9]. It was one of the first field-emission devices
manufactured by a group technology. The developed
technology made it possible to create a lattice of the au-
tocathodes with the molybdenic edges containing up to
5000 points with a rounded radius of ~50 nm and the
packing density of ~6.4 - 10° cm™2. So far, trellised
cathodes with the distance between the emitters of
0.32 um, the edge radius of about 2.5 nm and the di-
ameter of the opening in the control electrode of
0.16 um have been created. Fig. 2 (see the 3-rd side of
cover) presents the structure of a vacuum transistor with
the Spindt cathode.

A description of the main technological processes
used for production of the microvacuum devices can be
found in [2, 3, 10—15].

A regular design of the devices with the field emis-
sion cathodes has the following order of the vertical
arrangement of the electrodes on a substrate: sub-
strate/cathode/gate/anode. However, the use of the
specified design in the field emission displays or in the
vacuum integrated chips involves additional technolog-
ical problems connected with formation of spacers,
which keep the anode at a certain distance from the
substrate and seal all the structure of the device. This
drawback can be eliminated in a device with the field
emission cathodes of a vertical type, which has a re-
verse order of the arrangement of the electrodes on the
substrate.

Cross section of the design of the vacuum integrated
microelectronic device with the field emission cathodes
of a vertical type is presented in fig. 3 (see the 4-th side
of cover) [16].

On the basis of the developed and approved tech-
nologies for formation of the pointed microdevices on
a semiconductor substrate (Si) it is possible to create
electronic guns, diodes, triodes and tetrodes in the
range of voltages of 25...10% V with the density of cur-
rent of about units of milliamperes per a square mil-
limeter. Use of a semiconductor substrate allows us to
apply also a low-voltage control of Schottky barrier.

Design-technological features
of the vacuum microtriodes
with the planar-end cathodes

The field-emission triodes (transistors) with the hor-
izontal geometry are considered as major candidates for
operation at ultrahigh frequencies due to their inherent
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design of a low capacity between the emitter and the
control electrode. The blade planar-end structures with
a metal cathode manufactured on a dielectric substrate
are not sensitive to the optical and even rigid ionizing
radiation, which expands considerably the sphere of ap-
plication of these devices. The emission centers in the
blade planar-end devices have a one-dimensional ar-
rangement and therefore, the devices made by this
technology are inferior to the two-dimensional massif
of points as far as the current density is concerned.
However, production of the planar devices does not re-
quire creation of the three-dimensional submicronic
microstructures, which simplifies considerably the
technology for their production. The working voltages
of the device are set easily by the thickness of the die-
lectric layers and can vary from 50 up to 103 V. Thermal
loading by the ionic current of the planar-end structures
in comparison with the traditional structures on the ba-
sis of Spindt cathodes is 107 times higher, which ensures
their high durability, proved experimentally [17].

The design of the vacuum microtriode consists of
the bearing basis (substrate), on which there are divided
by the dielectric layers the anode (the electrode initi-
ating emission, and at the same time a collector of the
emitted electrons), the control electrode and the cath-
ode (the autoelectronic emitter itself). The structure of
the vacuum planar-end microtriode is presented in fig. 4
(see the 4-th side of cover). In order to increase the
voltage of the field near the cathode, the emitting elec-
trode is made in the form of a comb with the teeth of
a rectangular or triangular shape [18—20].

Glass, ceramics, sapphire, silicon and silicon instru-
ment structures are used as the substrate [21—24]. Ap-
plication of the diamond plates having high heat con-
ductivity and electric durability is possible; besides, the
radiation resistance of a diamond is much higher, than
that of the silicon and silicon dioxide [25—27]. The in-
sulating layers are created mainly on the basis of the of
SiO, and Si3Ny films deposited by means of the chem-
ical deposition from the gas phase (CVD) of polyimide
[23, 28, 29]. The control electrode can be made on the
basis of the metals with a high work function in order
to exclude emission of the electrons (Al, Ni, etc.).

As the initial materials for creation of the autocath-
odes, first of all, the refractory metals are used: tung-
sten, molybdenum, rhenium, platinum and also met-
als of the transitional groups: chrome, niobium, and
hafnium. An infinite number of versions for creation
of the autocathodes is provided by the semiconductor
materials. However, the autocathodes from such ma-
terials cannot operate in the conditions of the serial
devices for a long time, because destruction of the mi-
croledges occurs, which define the field-emission
from the working surface of the cathode. In 1970s the
first messages concerning the emission properties of
the carbon materials (mainly carbon fibers) appeared.




The further research demonstrated good prospects for
such materials [30].

A cathodic node with the use of carboniferous ma-
terials is a multilayered design placed on a dielectric
support. The basis of the cathodic node (the autoelec-
tronic emitter itself) is produced in two versions. In
the first version the basis is made of a carboniferous
material. In the work [28] the design is considered, in
which the carbon film is separated from the dielectric
support of silicon oxide by a chrome film, which plays
the role of an adhesive underlayer; the same kind of a
protective film is deposited over the basis. In [31]
there is information about development of an original
structure of the cathode with the field-emission from
the end faces of the thin (20...30 nm) films of the dia-
mond-like carbon; the density of the emission current
of such films reaches 2 A/cm2 at the electric field
strength of 5...30 V/um.

The conducting alloyed diamond-like nanocompos-
ite film, incorporating carbon, silicon, metal, oxygen
and hydrogen as its main elements, can be used as the
basis. On the surface of the film there is a silicon diox-
ide layer, between the layer of the silicon dioxide and
the layer of the conducting alloyed diamond-like ma-
terial there is a transitional metallide nanolayer for
elimination of the oxygen diffusion, containing Me and
Si atoms, at that, the layer of the conducting alloyed
diamond-like material has the atomic concentration of
carbon within the range of 25...39 % [32]. Use of a car-
bide-forming metal in a nanocomposite results in for-
mation of the crystal nanoparticles of its carbide. The
metals are selected from a row with stable carbides,
such as hafnium, niobium, tantalum, titanium, and zir-
conium. The main factor defining the choice of the al-
loying metal, which makes the basis for the nanophase
of the nanocomposite diamond-like film emitting the
electrons, is the value of the work function of an elec-
tron from the surface of the material of the nanophase.
By varying the type of the alloying metal, it is possible
to change the emission threshold in a wide range, which
expands the opportunities for application of the cathod-
ic node in various field-emission devices [33].

In the second version the basis is a layer of the con-
ducting material with a diamond-like nanocomposite
film deposited on the end surface turned to the anode.
In the work [34] a 0.5 um — thick conducting layer is
received by a pyrolitic deposition of polysilicon and al-
loying it with phosphorus; the 0.1...0.2 pum — thick na-
nodiamond coverings were formed during the micro-
wave plasmochemical deposition with the electron and
cyclotron resonance, and at the working pressure of the
ethanol vapors of 0.1 Pa and 300...350 °C.

The electrophysical properties of the carbon nano-
tubes give us grounds to consider them as an excellent
material for receiving of the low-voltage field emitters
with the density of the emission current of ~100 A/ cm?.

The requirements to the nanotubes are strict — they
have to be straight and located perpendicularly to the
platform, on which they are formed, and should be of
the identical lengths and diameters. In this case the ba-
sis is a three-layer conducting structure, which must in-
clude a layer of the catalytic material (Fe, Co, Ni, ni-
chrome, etc.) defining the activity of formation of the
nanotubes. In the planar devices the catalytic layer is
separated from the instrument structure by an adhe-
sive layer of a nanodimensional thickness (vanadium,
chrome or titanium nitride with thickness of about
20 nm) and from above it is passivated by a metal layer
(for example, vanadium). The diameter of the carbon
nanotubes is strictly set by the thickness of the catalytic
layer (selected in the range of 1...20 nm). In the flat ver-
sion the tubes of almost identical diameter are formed,
and, consequently, both the speed of their growth, and
the final lengths are identical. The dense growth of the
nanotubes does not limit considerably the emission
properties of the emitter, because the nanotubes form a
thin "edge" [22, 23, 35, 36].

Reviews of the ways for formation and properties of
the carbon and nanocarbon materials and coverings are
presented in [30, 37—39]. Formation of the other ele-
ments of the triodes is based on the methods of the sol-
id-state microelectronics; in case of the primary use of
the plasmochemical etching for the contour processing,
the liquid etching (etching of the dielectric from the ba-
sis’ end face before formation of nanotubes) is applied
for creation of "an edge", the length of which can vary
from 0.025 pm up to 0.5 um [35].

Conclusion

An analysis was done of the design and technolog-
ical versions for production of the vacuum microtri-
odes. The microtriodes with the planar-end cathodes
are suitable for operation on ultrahigh frequencies and
are resistant to action of the external destabilizing fac-
tors. Production of such planar devices does not require
creation of the three-dimensional submicronic micro-
structures, typical for the autoelectronic Spindt emit-
ters, which simplifies the technology considerably.
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CUHATBIBAIOLWASA SAEKTPOHUKA AASl CKBUA-MATHUTOMETPOB

NMOCTOAHHOIO TOKA.

YACTDb 2. CUCTEMbI CHAUTBIBAHUA U UX OTPAHNUYEHNA

Ilocmynuna ¢ pedakyuio 26.09.2018

B 0630pe npednpunsama nonsimka aHaAu3a MeKyue2o COCMOoAHUS U NPOBOOUMBIX UCCAe008AHUL U PA3PAOOMOK 6 obaacmu c4u-
molearoueli 2NeKMpOHUKY 045 C8ePXNPOBOOAUX Keanmoasbix unmepgepomempos (CKBH[-maenumomempos) hocmosanHo20 mo-
Ka. Buacmu 2 pabomui paccmompeHut 6a308bie 31eKMPOHHbIE CXEMbl CYUMBIBAHUS CAa0020 noae3noeo cueHara co CKBHJla u pac-
CMOMPEHbl OCHOBHbBIE 02PAHUYEHUS, GHOCUMbLE OONOAHUMEAbHOU 2AEKMPOHHOU 00853KO0l.

Karouegvie caosa: cencopvl MacHUmMHbIX NONCL, MACHUNMOMEMPbL HA OCHOBE C8ePXNPOBOOSULUX KEAHMOBbIX UHMePhepOMempos
(CKBHJ) nocmosHHo20 moka, nemias Qukcauyuu nOMoKa, MOOYAAUUOHHAS CXeMA CHUMbBIBAHUS, CXeMbl C OONOAHUMENbHOU HO-

JN0NCUMENbHOU 00PAMHOU C853bI0

BBenenne ¥ MocTaHOBKA 3aJa4u

CBepXIpoBOAsIIe KBAaHTOBbIE MHTEPHEPOMETPHI
(CKBH/Ip1) — nipubopbl KBAaHTOBOI CBEPXITPOBOISI-
LIEH SJIEKTPOHUKM — Ha CETONHSIUHUIA IEHb SBJISIOT-
csl HauOoJiee MPeLM3UOHHBIMU TaTYUKAMU MarHUTHO-
ro noroka. B yactu 1 o630pa [1] ObIM pacCMOTpPEHBI
OCHOBHBbIE MPUHIUIBI pabOThl HU3KOTEMIIEPATYyPHOIO
CKBM/la noctosinHoro Toka (nT-CKBHM/I), Tak Kak
MMEHHO 3TU MPUOOPHI MO3BOJISIIOT JOCTUTHYTh MaKCH -
MaJIbHOI YyBCTBUTENbHOCTU. BbUIM poaHaiu3upoBa-
Hbl (pyHIaMmeHTalbHble orpaHuueHus: nT-CKBW/Ios,
He TO3BOJISIIONIME MCIIOJb30BaTh MX B KauyecTBE 3a-
KOHUYEHHBIX YCTPOICTB. B TepByIo odepenab OHU Ka-
CaloTCs Majioro JUHEMHOro nuana3oHa BXOJHOM Be-
Ju4yrHbl, Masibix pazmepoB CKBW1a, orpaHuunBato-
IIUX YYBCTBUTEJbHOCTb K MarHUTHOMY ToJ10. Takxke
CYIIIECTBYET OrpaHUYCHUE, CBI3aHHOE C BBICOKUM IIIy-
MoM Tociaenyiloniero 3a nr-CKBUWJ/lom ycunurens,
KOTOpO€ He ITO3BOJISIET PACKPHITh BeCh ITOTEHIIMAI
cucteM Ha ocHoBe CKBWM/loB. Kpome Toro, pabouas
temneparypa nr-CKBH]/la oxkoio 4,2 K Takxe SIBjsI-
eTcsl OrpaHUYMBAOIIUM (PaKTOPOM MX HCIOJb30Ba-
HUSI, TIOCKOJIBKY Ha CETOTHSIIHUI IeHb HE CYIIECTBY-
€T CTaHJapPTU3MPOBAHHON KOMMEPUYECKU IJOCTYITHOM
3JIEKTPOHUKM, CIIOCOOHOM paboTaTh IPU CTOJb HU3-
KUX TemIleparypax.

B yacTtu 2 paboTbl paccCMOTpeHbl 6a30BbI€ JIEKT-
POHHBIE CXEMbl CUMTBIBAHMS IOJE3HOIO CHUTHala C
nT-CKBHJ/la 1 oCHOBHBIE OrpaHWYEHUSI, BHOCHUMEIE
JIOTIOJTHUTEJILHOM 3JIEKTPOHHOU 00BsA3KOI. IIpoaHa-

JIM3UPOBAHBI CYIIECTBYIOIIME Ga30BbIe PElIeHUs, KO-
TOpBIC TTO3BOJISIOT PEIIUTH MPOOJIIEMBI COIPSIKCHMS
HuskoremiepatypHoro nr-CKBW/la u BbIXOmZHOIA,
TaK Ha3bIBaeMOM "KOMHATHOM 3JIEKTPOHMKU", HC-
MOJIL3YEMOM IJTsI CAMTBIBAHKS CUTHANIA. DTU PElICHUS
MTO3BOJITIOT O0OUTH (PyHIAMEHTAIBHBIC OTPaHUYEHUST
CKBH/I-MarHuToMeTpoB.

Cxemnl cunthiBanusa 11 nT-CKBU/Tos,
MO3BOJIAIONINE NMPeoaoJeBaTh GhyHIaMeHTAIbHbIE
OrpaHHYeHns

Ilpamasa cxema cuumovieanus ¢ nemaeii uxcauyuu
nomoka. Kak ObIJTo MokazaHo B yactu 1 [1], Bcien-
CTBUE HEJIMHEWHOW 3aBUCHUMOCTU BOJBT-IIOTOKOBOM
xapaktepuctukn nT-CKBHW/la 3HauuTenbHbIE M3MeE-
HEHUSI MAarHUTHOTO MOTOKA HEOTBPAaTUMO IPUBOMISAT K
HEJIMHEHHBIM MCKaXXEHMSIM BbhIXoAHOTrO curHajna. Cie-
JIOBaTeJIbHO, HEOOXOANUMO OOECIIeUMTh CTAaOMIBHOCTH
paboueil TOUKM Ha BOJBT-TIOTOKOBOM XapaKTEpUCTUKE
JJIsI TIOAAepKaHUS IMTOCTOSHHOrO Ko3¢UIIMeHTa Iie-

= aa—II/ . OT0 TO3BOJIUT YMCEHb-

D=0,

penayy moroxa Vg,

IIUTh HeJauHelHble nckaxeHus u mwym nr-CKBU/la
MpU 3HAYUTETBHOM OTKJIOHEHUHU paboyeil TOUKU OT
onTtumMajabHoM. Takum obpazom, pukcupoBaHue pado-
Yyell TOUKU o0ecreyrBaeT yBeInUeHUe TMHAMUUeCKOro
Irara3oHa CUCTEMBI.

Hnsg crabunuzauuu paboyeid TOYKM OOBIYHO HC-
TOJIB3YETCSl TIETJS OTPUILIATEIbHOW OOpaTHOW CBS3W,

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 4, 2019 231



fvdt

Vout

[A] vi
1/Rfb

[ 3

Puc. 1. Cxembl neTM (pUKCAIMA MOTOKA: @ — CTPYKTYpHasi; b — (QyHKIIMOHAIbHAsI

Fig. 1. Diagrams of a flux-locked loop: a — structural;, b — functional

KOTOopasi Mo3BoJisieT 3acUKCUPOBaTh MAarHUTHBIA I1O-
toK uepe3 CKBU/I. Takas netna (puc. 1, a, b) [2] Ha-
3bIBaeTcs nemieil pukcauuu noroka (flux locked loop)
[3], ona paboraer cienytoinum obpazoM. Pabouas Tou-
Ka Ha BOJIbT-MIOTOKOBOM XapaKTEepUCTHMKE U3HAYAIbHO
3agaeTcs TokoM cmenieHuss nT-CKBHW/Jla. OtknoHe-
HUs HampsiKeHWsT BCJIEICTBUE BIMSHUS BHELIHEIrO
MAarHUTHOTO TIOTOKA YCUJIMBAIOTCSI TIOCPEACTBOM YCH-
JIUTENISI U UHTErpupyloTcs. Pe3ynbTupylomuii curHan
yepe3 pe3ucTop OOpaTHOM CBSI3M TMOJAeTCs Ha WH-
JIYKTUBHOCTB, cBsi3aHHYI0 co CKBHdom (be — KO-
a¢puLMeHT B3aMMOMHAYKIMK). B maHHON IieTie
CKBM]I paboTaeT Kak MOTOKOBbII CyMMaTOp: MOTOK
0o0paTHOI CBSI3U Qg MPONOPLIMOHAIBHBIN BBIXOIHO-
MY HamnpskeHUIO Vp7, BBIYMTAETCA U3 BXOIHOIO
noroka @, u ¢GopMHUPYET MOTOK OLUMOKHU D,

0, = D, — @, (1)

CooTHoLIeHMUsT JISI OpsSIMOil M OOpaTHOM BeTBeM
CHUCTEMBI BBIIJISIISIT CAEAYIOUIMM 00pa3oMm:

Vour = @V g 2)
@4 = VourGp, (3)
rne G, = G4G/Vg — ycuieHue NpAMOM BETBU;

M
Gﬂ, = R—ﬂ’ — ycwieHue obpatHoit BetBu; Gy, G; —
\fb
YCUJIEHUE YCUITUTEIIS I MHTETPATOPa COOTBETCTBEHHO.
Orcroma

G, G 1

Your= 16,6, " 16 G, "

@ “4)

rne G= GdGﬂ, — KO3(PUIIMEHT NETICBOrO YCHICHMSI.
M3meHeHue paboyell TOUKM TaKOW CUCTEMbl IpU
MEHSIIOLIEMCS BXOMHOM MTOTOKE MPOSIBISIETCS CAEAYIO-
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1IKMM 00pa3oM: paboyasi TouKa Ha BOJIbT-IIOTOKOBOM
xapaktepuctuke CKBW/la caBuraercss B G + 1 pas
"MeIeHHee", T. €. JUHEHHBIM AraIa30H Bo3pacTacT B
G+ 1 pa3. YcnoBue G = oo COOTBETCTBYET CIy4aro IOJI-
HOCTBIO CTAaTUYHOI paboyeil TOUKU.

IToMuMO SBHOrO MpeuMYyIIECTBa MCIOJb30BAHUS
cxeMbl (PUKCAIlMU TOTOKAa, KOTOpPOE IIPOSIBIISIETCS B
3HAUYUTEIbHOM YBEIMYEHUU JTMHAMMYECKOTO T1ara3o-
Ha U3MEepsSieMbIX BEJIMYMH, HEUIEaTbHOCTb UCIOJb3Y-
eMOIi 3JIEKTPOHMKHU, MOCPEACTBOM KOTOpOM (opMu-
pyeTcs TeTisi 00paTHOM CBSI3M, BHOCUT PsiJi OrpaHu-
YEeHUII Ha AMHAMUYECKUE IMapaMeTpbl UCCIEeTyeMOro
curHaia. PaccMoTpuM 3TU orpaHuYeHus MmoapooOHee.

1. Oepanuuenus, césasamHbvie ¢ WYMOM YCUAUMENS.
Boamoxnocts nT-CKBHW/la nereKTupoBaTh M3MEHE-
HUS MarHUTHOTIO T0JIA HA YPOBHE 10JIei @ OrpaHu-
YyeHa JIMIIb YPOBHEM 1IyMa U3MEPUTEIbHON CUCTEMBI.
B mpocteiiiieM ciayyae M3MepHTeSbHAsI CHCTeMa CO-
crout u3 CKBWa u ycunurens (st yrpoliaeHus 0y-
JeM cuuTaTh MCTOYHUK ToKa cmelneHusi CKBU]la
uaeanbHbiM). CrieKTpajabHasl IIOTHOCTh 1IYMOB Mar-
HUTHOTO MOTOKA MOAOOHOI CUCTEMBI Sy, (o CKIIALIBI-
BaeTcst u3 mmymoB CKBU/a Sq)’ so ¥ LIYMOB YCH-
aurenst Sg 4pp [4]. LyM ycumutens, B cBoio oye-
peib, COCTOWT U3 LLIYMOB HAIPSIKEHUS Sy, 43p ¥ TOKA

S1. amp:
So, tot = S0, 50 T Sw, aMP = Sw, s0 T

2
+ Svampt SpampRayn _ Sv.s0* Sy amp 5)

V2 V2 ’

rae SV, SO — CIIEKTpaJIbHas IMJIOTHOCTb IIIYMOB HaAIlpsd-

_adV]

= = — AVUHaAMHNYEC-
ol

xexust nt-CKBU/Ia; Ry,
@

a




Koe conpotubinenue nT-CKBW/la npu 3amaHHOM M0O-
TOKE.

B cuny ManocTv TMHaAMUYECKOTO COMPOTUBIICHUS
Rdyn, TOKOBOW COCTaBJISIIOLIEH 1IYyMOB YCHUJIUTENS
MOXHO MpeHeOpeyb.

OobuHo mymsl camoro CKBU/la B mecarku pas
MEHbIIIe IIYMOB ycwiuTelss. I1o Mmopsnky BeIWYMHBI
9TO COOTBETCTBYET Sy, 59 = 0,1 HB/J/Tu u Sy, amp=
= 1 uB/.J/Tu. [IpuBencHHBII YPOBEHD IlIyMa YCUIU-
TeJisl COOTBETCTBYET IOCTATOYHO XOpOLIEMY KOMMEp-
yeckoMy (cost-of-the-shelf) KOMHATHOMY YCUJIUTENIO
[5, 6]. 3HauMTETEHOE YMEHBIIEHUE IIIyMa YCUIUTES,
BILIOTh 10 nopsiaka iryMmoB camoro CKBW]la, MoxHO
MOJIyYUTh, MPUMEHSIS CIeLUUAIU3MPOBAHHBIE KPUO-
TeHHbIE YCUJIUTEU.

Kpome cobcTBeHHOro 0eioro Iyma YCHJIUTENS,
Mpo0JIeMy CUUTHIBAHUSI CUTHAJIA COCTABIISIIOT (hJIMKKEp-
IIYMBI YCHJIMTENIS, 9aCTOTa Cpe3a KOTOPHIX B 3aBUCH-
MOCTH OT KOHCTPYKILIMU BXOAHOTO Kackaaa yCUIUTe s
Gosbire Ha OPSiAKK (f¢ 4pp ~ 100 Ti...10 kT'x) vac-
TOTHI cpe3a uummkep-1yMa camoro nt-CKBW/a [7].
OaHuM U3 CIOCOOOB MPEOIOJEHUS OTPAHUYEHMS T10
HU3KOYaCTOTHOMY IIIYMY SIBJISIETCSI IPUMEHEHUE MO-
IYJSIMAOHHOW CXEMbl CUUTBIBAHUS, AaHAJIU3 KOTOPOW
MPEACTaBICH HILKE.

2. YacmomHule oepanuuenus, césa3aHHble co cmadunb-
HOCMbI0 21eKMPOHUKU nemau uxcayuu nomoka. Yac-
ToTHBIE cBoiicTBa camoro nT-CKBH/Ia (crmocoOHOCTh
JIeTeKTUPOBATh ObICTPbIe U3MEHEHHUSI TIOTOKA) OrpaHu-
YEeHBI JIMIIb Mapa3UTHBIMU COCTABIISIIOIIMMU 1XK03e(d-
COHOBCKMX KOHTaKTOB (€MKOCTb, COMPOTUBJIEHUE) U
WHAYKTUBHOCTBIO CBEPXITPOBOAsILLIEH TeTiu. [1pu coB-
PEMEHHOM YpPOBHE TEXHOJOTMU, KOTOpas IMO3BOJISIET
cozmaBath NT-CKBUW/I ¢ xapakTepucTUYeCKUMU pas3-
MepaMH B IIeCSITKM HaHOMeTpOB [8], ero paboudast yac-
TOTa MOXET AocTUraTh 3HaueHui cBoiiie 10 I'Tu. On-
HaKO MCIOJIb30BaHUE MTyOOKMX OOpaTHBIX CBA3el IS
MOCTPOEHUsI CXeM (UKCAllMd MOTOKAa 3HAYMTEIbHO
OrpaHUYMBAET YACTOTHBIM AMana3oH M3MEPUTEbHOM
CHUCTEMbI. DTO CBS3aHO C HEM30EXKHBIM HaberoM ¢asbl
Mpeobpa3yeMoro ¢ MMOMOIIBIO 2JIEKTPOHUKH CUTHAJIA.
IIpu cymmapHoM (T. e. yepe3 Bechb TPaKT Ipeodpaso-
BaHus) HaOere a3bl, Oonbuiein 180°, u ycuieHuun
OoJibllle €AWHUIIBI OTpULATEbHAsT OoOpaTHasi CBSI3b
MIPEeBpAIaeTCs B TTOJOXUTEIBHYIO O0pPaTHYIO CBSI3b, U
YCWIMTEJIbHAsI CHUCTEMa IpeBpalllaeTcss B T'eHepaTop.
YacToTHbIE CBOMCTBA 3JIEKTPOHHOI CUCTEMBI IPUHSITO
XapaKTepu30BaTh MPOU3BEAEHUEM YCUJICHUS Ha MOJIO-
cy GBW (gain-bandwidth product). JI1s1 IpOCTBIX CUC-
TEM C OJHMM IIOJIOCOM Ha YACTOTHOM XapaKTEePUCTUKE
(HammpuMep, IS OTIEPAllMOHHOTO YCHIIMTENS) MTaHHBII
rnmapamMeTp MPUPaBHUBAETCS K 4YaCTOT€ E€IMHUYHOIO
ycwieHus f; (4acToTa, Ipu KOTOPO YCUIIEHUE PABHS-
eTCsl eIMHULIE):

GBW = fA,, (6)

rae fo — JacTora cpesa (rpaHula IMOJIOCHI POIyCKa-
Hus); A, — KO3QOULUEHT YCUIEHUS B MOJIOCE TIPO-
nmyckanus. TakuM o0Opa3oM, IMPUPABHSIB CyMMapHOE
YCUJICHHE TIETJIN 00paTHOM CBSI3UW K CIMHUIIE, MOXHO
OIpeNeSIUTh YACTOTHBIN AMAIIa30H, rIe obpaTHas CBI3b
OyIeT CTaOMJIbHOM:

1
GGy = —L ®)
Vo Gy
GBW = G,G,G. ©)

JlaHHBII YaCTOTHBIN AUAIIa30H 1 OYIET OIIPEaeIISITh
YaCTOTHBIE CBOICTBA BCEll U3MEPUTENIbHON CHUCTEMBI.
Heob6xoannMo OTMETUTb, UYTO HAMOOJBIINI BKJIad B
yculieHue OydeT BHOCUTh YCUJIMTEb, a OMPEACIsiTh
YacTOTy cpe3a OymeT MHTerpaTop.

3. OepaHuueHusi, c63aHHbBIE CO CKOPOCMbIO HApACMa-
HUSL 8X00H020 cueHana. JIpyruM BaxKHBIM IapaMeTpoOM
cUCTeMBbl (pMKCAallMM ITOTOKA SIBJISIETCS CKOPOCTh Ha-
pactaHus curHaina (slew rate) SR:

SR = dd/dt. (10)

B ciiygae cxembl ¢puKcalMy MOTOKA, €CJAM Ha BXOM
U3MEPUTEIBbHON CUCTEMbI MOCTYINAeT CUTHaJ OoJibliie
JIMHEWHOTO Auara3oHa, To oopaTHas CBSI3b MPEMNsITCT-
BYEeT M3MEHEHHIO padouell TOUKM U CHCTeMa He Tpe-
TepreBaeT HeJUHEHHBIX MCKaxeHui. OmHaKo, eciu
CUTHaJ oOpaTHOI CBSI3U HapacTaeT OUYeHb MEIJIEHHO,
TO oOpaTHas CBsI3b HE yCIeBaeT pearnpoBaTh Ha U3Me-
HEHME CUMTHaJla Ha BXOZE, YTO TakKe MPUBOAUT K He-
JIMHEWHBIM MCKaXeHUsIM. B cuy BpeMeHHO 3aBucH-
MOCTU TIPUUYMHBI TOSIBJIEHUSI TTOAOOHbBIE MCKAXKEHMS
Ha3bIBAIOTCSl TUHAMMUYecKMMU. O4YeBUAHO, YTO JAAH-
HBIN TapaMeTp ompeaessieT MAaKCMMAaTbHO BO3MOXHBIC
aMIUTMTYIHO-BPEMEHHbIE XapaKTEPUCTUKU HCCIIeaye-
MbIx curHanoB. g nt-CKBW/Ia, oxBauyeHHOTO TIeT-
Jieil (huKcalMu MoToKa, CIpaBelJIuBO CIEIYIOLIEe Or-
paHUUYEHUE IJISI U3MepSIeMbIX CUTHAJIOB [9]:

do| .
SRz 2 (11)
max
d® i
e < _Y.
dt‘ <0G (12)
max

e oc = 2nfe; ®) — QIOKCOH.

Taxkum o00pa3omMm, TOBBILIEHWE YCWIEHUS Bceil
CHUCTEMBI 1 paclIMPEeHUE MOJI0CHI TO3BOISIOT PELIUTh
MpoOJIeMBI, CBSI3aHHBIE CO CKOPOCTbIO HapacTaHUS
BXOJHOI'O CUTHAJA.

4. OepanuveHnus, c8A3aHHbIE C BDEMEHEM 3A0ePUCKU.
DNeKTPUYECKUI CUTHAJ, XOTSI U UMeET BBICOKYIO CKO-
pPOCTh pacIpOCTpaHEHUs, HO 3Ta CKOPOCTh KOHEUHa.
M, B yacTHOCTH, CKOPOCTb pacpOCTPaHEHMSI CUTHAJIa
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Fig. 2. Circuit of a flux-locked loop with modulation

3aBUCUT OT KOHCTPYKTUBHBIX 3JIEMEHTOB 3JIEKTPOH-
HOI cucTeMbl. BriojsiHe 04eBUAHO, YTO Ha IJIMHHBIX
JIMHUSX Tepeayu 3aJiepXKa CUTHaia OyAeT 3Hauu-
TeJIbHEeM, YeM Ha KOPOTKOM IMpoBoje. Takke MoCKOJIb-
Ky BCE€ 2JIEKTPOHHBIE KOMIIOHEHTBI paboTaOT IO MpPU-
HUMITY HAKOIUIEHUS 3apsiia, OUeBUIHO, YTO JBYyXKacC-
KaJHbIA YCUIUTENb OYIeT UMETh OOJBIIYIO 3aACPKKY,
YeM AHAIOTUYHBIN €My ONHOKACKAIHBIA BCJIEICTBUE
Mapa3uTHBIX EMKOCTEN KaK MacCUBHBIX, TaK U aKTUB-
HbIx a1memMeHTOB cxembl. B CKBHJI-MarnuTomerpax
4acTO MCIMOJb3YIOT JJWHHBIE JIMHUM Tiepeaadu st
komMmyTanuu camoro CKBHM]la, KOTOpBIil HAXOOUTCS
B KpHOCTaTe MpU KpUOTEHHOM TeMIiepaType, U OcTaslb-
HOM 2JIEKTPOHMKM, KOTOpask paboTaeT IMpu KOMHATHOM
Temriepatype. OUueBHUIHO, UTO 3ajepXKa B CHUCTEME,
OXBauy€HHOI 0OOPaTHOI CBS3bIO, OYAET HEraTUBHO CKa-
3bIBaThCSl Ha CTAOMJILHOCTU CUCTEMBbI M €€ YaCTOTHBIX
CBOMCTBaxX: Ha 4acTOTaX, KOPPEIUPYIOLIMX CO Bpeme-
HeM 3aJIep>KKW, MOTYT BO3HUKATh BCIUIECKW Ha amIl-
JIMTYAHO-YaCTOTHOW XapaKTePUCTUKE CUCTEMBI.

B3anMocCBs3b MMpoOU3BeAcHNS YCUICHHEe — I10J0ca
GBW u cyMMapHOTO BpEeMEHMU 3alepXKU At CUCTEMbI
Obl1a mpemIoxeHa B padore [10]:

GBW < 8_15. (13)

bauzkoe smnupuyeckoe BbIpaXeHUE ObLIO Mpe-
JIOXKEHO TakKe IPYyruM aBTopoM B pabote [11].

TunuuHble 3HAYEHUS YaCTOThI €IMHUYHOIO yCHUJIe-
HUS C TIeT/iell (puKcalyy ITOTOKA, OrpaHUYeHHEIE 3a-
JIep>KKOM Ha Kabesix, COCTaBJSIIOT eAMHULIBI — JeCAT-
KM Merarepl. DTo IMOKa3blBaeT, UTo pabouasi moyoca
U3MEPUTESILHOM CUCTEMBI OIpeaessieTCsl Mpexae BCero
3a7epKKoil Ha Kabensix, coenuHsionmx nT-CKBU/ ¢

on

"KOMHATHO# CUMTHIBAIOLIEH 21eKTpOoHUKOMN" [12].
Takum oOpa3oMm, NpUMEHEHME TeTau (uKcauu
MMOTOKA TMO3BOJISIET 3HAUMTEbHO PACIIMPUTh JUHAMMU-
yeckuil nuama3oH nT-CKBW/la 3a cueT onTuManbHO-
ro BbIOOpa KoadduieHTa neriaeBoro ycuneHus. Omn-
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Hako oOpaTHasi CBSI3b BHOCHUT HEKOTOpbIE OrpaHUyYe-
HUS Ha TIOJIOCY U3MEPSIEMBIX CUTHAJIOB.

Moodyaauuonnan cxema cuumoiéanus. OIHVUM U3
CYILIECTBEHHBIX OIPAHUYEHMI TIPEACTABICHHBIX BBILIE
CXeM, KakK ObLJIO CKa3aHO paHee, SIBJIsieTCsl (PanuKKep-
mwyM nocienytomiero 3a CKBUIom ycunurens. s
TOTO YTOOKI TIPEOIONIETh 3TO OTPAHNUYCHNE, UCTIONIB3Y-
€TCs1 MOAYJISILMOHHAS cXeMa C meTiel pukcauuu no-
Toka (puc. 2) [13]. OcHOBHOI MIPUHLIUIT 3aKII0YAETCSI
B IlepeHOCe CIEKTpa IOJIE3HOr0 CHUTrHaja B 00JIacTb
BBICOKMX YacTOT, The (PIMKKEep-IITyM OTCYTCTBYET, C
MOCJEAYIOUMM MEPEHOCOM UCCIEIyeMOro CUTHaja B
00J1acTb HU3KMX YacToT [14].

HaHHast cxema TmpeacTaBisieT coboil KomMOuHa-
LU0 TTeTIN (PUKCAIINU TTOTOKA M CHHXPOHHOTO JeTeK-
topa. [locnenyouiyii aHanu3 cripaBeaJuB IJ1s1 rapMo-
HUYECKOTo MPUOJMXKEHUST TepeaaTOyHO XapakTe-
PUCTUKH, KOTJA BOJIBT-TIOTOKOBAs XapaKTepHCTHKA
6nm3Ka K KocuHycy. IlepenaTouHyio xapakKTepUCTUKY
nr-CKBUJla H(®) MOXHO NpeacTaBUTh, KakK IMoKa-
3aHO Ha (puc. 3, a):

v v
H@) = L2sin( 2o -T) + 22, (14)
0

rae Vpp — pa3max HanpspkeHus Ha Bbeixone nT-CKBU a.
Bxoanoit curnan nr-CKBWla ®;, Oyxer npencras-
JATH COO0I CyMMY M3MEPSIEMOTO BHEIITHETO MTOTOKA P,
U MOAYJISLMOHHOro curHaga ®@,,. MomylsaunoHHBI
curHai @, ¢ yacroroii f,, = 100 xI'u...1 MI'u u ¢ am-
Ty a0i ®@y/4, nocrynaer Ha nT-CKBHWJI ¢ renepa-
TOpa OMOPHOTO CHUTHAaja TMOCPEACTBOM WMHIYKTUBHO-
ctu (puc. 3, b):

O
D, =0, + D, =D, + Tosin(anmt). (15)

Takas MOAYJIALINA BbISBIBAET CUMMCTPUYHBIE OT-
KJIOHEHHUS HA BOJILT-IIOTOKOBOM XapaKTEepUCTHUKE OTHO-




Puc. 3. IIpunnun aeicTBUA MOAYJISAUMOHHON cXeMbl: @ — TiepenaToyHast xapaktepructuka nT-CKBU/I; & — BXxomHOM MarHUTHBIN TOTOK; ¢ —
BeixopHoM curHan ¢ nT-CKBHW/la; d — oTkimk cmHXpoHHOTO neTekTopa. CIUTONIHBIE KPUBBIE COOTBETCTBYIOT ciy4aio @, = 0, ITpuX-TyHK-

O] o)
TUPHbIE KPUBbIE COOTBETCTBYIOT Cilyyalo &, = — TO , IUTPUXOBbIE KPUBbIE COOTBETCTBYIOT ciyyaio ®, = §0

Fig. 3. Operating principle of the modulation scheme: a — transfer characteristic of dc-SQUID, b — input magnetic flux, c — output signal of dc-SQUID,

(0]
d — response of the lock — in detector. The solid curves are related to the case of ®, = 0, the dash curves — to the case of ®, = —=-0 and dash-

D
dot curves — to the case of ®, = -89

cutesibHO paboueit Touku. I[Moacrasmss (15) B (14), mo-
Jny4aeM BbIxoxHO¥M curHain co CKBU/a Vg, (puc 3, o):

VSQ = H((Dm) =

V 2 ) V
= _PPgjp| =T 0y ST o4 pp
5 sm[q)o[cblﬁ 1 sm(2nfmt)j 2} i (16)

ITocne ycuneHns cUrHaa MOCTYNAeT Ha CUHXPOH-
HBII IE€TEKTOP, KOTOPBIA HACTPOEH Ha YaCTOTY MOMY-
asauuu f,,. OTKIMK aerexkropa Vi pr NpeacTaBiseT co-
0oii mpousBeaeHue ycuiaeHHoro curHana co CKBU/da
Voyry curnana onopHoro reseparopa Ve pp(puc. 3, d):

Vper = GVsg % Vrpp) = G(Vsg % sin(2nfy,n), (17)

rne G — ycwieHue TpakTa.

B ciyyae nynesoro BHewHero noroka ®, = 0, Ha
Bbixosie NT-CKBW/la O6ynet curHaa JBOMHOM 4aCTOThI
Moayasauuu (2f,,) ¥, KaK CJIeICTBUE, HA BBIXOAE CHH-
XPOHHOTO NETEKTOpa IOCJeé MUHTeTPUpPOBaHUS OyIaeT

()
HoJb. Eciu ke BXOIHOI MOTOK paBeH + —49 , TO Ha BbI-

4

xone nT-CKBHW/la OyaeT curHajn MakKCMMAaJbHOM aM-
TUIMTYABI C YacTOTOM f,,, a Ha BBIXOJE CHMHXPOHHOIO

JeTeKTopa — MaKCUMallbHbIi curHaji. Eciau xe Bxom-

(0]
HOM MOTOK JIEXKUT B nuana3oHe 0 + TO , TO BBIXOOHOM

curHan nT-CKBUWa OyneTr coaepXaTb KOMITOHEHTY
Ha 4acToTe f,,, & CHHXPOHHBII I€TEKTOP BbIAACT I1OC-

TOAHHOC HAIIPSAXKECHUC, ITPOMOPLHMNOHAJIBHOC aMIIJINTY-
ac fm — KOMIIOHC€HTbI.

B paccMoTpeHHOM BbIllle MpUMeEpe TPUMEHSIETCs
MOZYJISILMSI TApMOHUYECKUM cUrHajoM. HegoctatkoM
JJAHHOTO MOMAX0Ja SIBJSIETCS! TOBBIIIEHHBIN 1IYM, TaK
Kak paboyasi ToukKa IUIaBHO MEHSIETCS, MPOXO/sl TOU-
Ky HaIMEHbIIIEeH YyBCTBUTEIIBHOCTU Ha MepeaaTOYHOM
xXapakTepuctuke. Yaile B KauecTBe MOAY/ISILIMOHHOIO
CUTHaJla UCMOJb3YeTCsl CUTHA B (popMe MeaHaApa. DTo
obecreuynBaeT MOCTOSHCTBO YYBCTBUTEJIBbHOCTH (pa-
0oyasl TouKa BCcerjaa HaXoAUTCsI B MOJOXEHUU MaKCH-
MaJIbHOH YYBCTBUTEJIbHOCTH ), YTO MPUBOAUT K MUHU-
MajibHOMY 1iyMy. HemocTtaTkoM 3Toro rnoaxoga siBisi-
€TCS HAJIMYME B CIIEKTPE BBIXOJHOTO CUTHajIa MUKOB,
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COOTBETCTBYIOIIUX TAPMOHMKAM OIIOPHOrO CUTHAJa,
YTO yXyIlIaeT AMHAMMYECKUH IMara3oH CHUCTEMBI,
CBOOOIHOI OT IMOMEX.

PaccMoTpuM orpaHuueHue MOJIOCH CUTHAJIA, CBSI-
3aHHOE C 4YacTOTOil omopHOro reHeparopa. Pabora
CUHXPOHHOTO JeTeKTOpa OCHOBAaHA HA MPUHIIUATIEC YM-
HOXEHHUSI CUTHAJIOB. BBIXOJHOI CHTHAJI YMHOXUTEIS
Vyx B cllydae TapMOHUYECKUX CHUTHAJIOB MOXHO
MPEeACTaBUTh CIEAYIOIINM 00pa3oM:

Viyrx = Asin(of + ¢) X Bsin(w,,f) =
= 2B cosl(0 ~ @)1 + o] -
— cos[(o + w,)f + ¢]), (18)

€ ® — KPYropas 4acToTa BXOJAHOIO CUTHAJIa; ®,, —
KpYyroBasi 4aCTOTa OMIOPHOTO CUTHaja; ¢ — ¢a3a BXO/I-
HOTro curHana; A m B — aMrumTyasl curHanos. B ciy-
yae, KOraa o = ,,, BeipaxeHue (18) MoxHO 3anucarb
TaK:

Viix = ATB(COS(p — cos[2wm,,f + ¢]). (19)

TakuMm oOpa3oM, U3MepPSEMbI CUTHAI IIOCJIE YM-
HOXEHUSI TIePEHOCUTCSI B 00J1aCTh HYJIEBbIX YaCTOT U
IUI  TIOCHEAYIONIeTo ero BbIAEJIeHUS HeoOxoauma
HU3KOYACTOTHAs (pUAbTpaliusi KOMIIOHEHThI ABOMHOM
4acToThl. B ciydyae MOIyJISILIMOHHON CXEMbl CUMThIBA-
Hus masg nT-CKBU/la dunasTpaumst ocyliecTBasieTCs
WHTETPaTOPOM.

O4yeBUIHO, YTO paboyas Mojoca YacTOT CUCTEMBbI
Oyzner onpeaenasaTbcsl nHTerparopoM. OCHOBHOE Tpebo-
BaHUe 3akiovyaeTcsl B 3(GheKTUBHOM (UIBTPOBAHUU
KOMIIOHEHTbl JBOMHOM 4YacTOThl, MO3TOMY YacToTa
cpe3a MHTerpaTopa, a 3HauyuT M paboyast mosoca yac-
TOT cUCTeMbl BW 10JKHA OBITH MHOIO MEHbBLIE 2,

BW < 20, (20)

Takum o6pa3oM, MOAYJISILIMOHHASI CXeMa CUMThIBA-
Hug curHana ¢ nT-CKBHWJla mo3BoisgeT B 3HAUUTEIIb-
HOM CTEeTeHW YMEHBIIUTH BIMSHUE (QIMKKep-TTyMa
ycunuteas u camoro CKBHM/la 3a cueT CMHXpOHHOTO
npuema, a TpaHcgopMaTopHasi pa3Bsi3Ka IMO3BOJISIET
cornacoBath mo 1mymy nT-CKBUWJ ¥ KOMHATHBIN
YCUJIUTEb.

Cxema ¢ 00noaHumMeAbHOU NOA0HCUMEALHOU 00pam-
Holl ceasvro. Kak ObUIO ITOKAa3aHO paHee, LIIyMbl MOC-
nenywouero 3a nT-CKBWJlom ycunurenss B 3Ha4u-
TEJbHOW CTENeHW OrpaHUMYMBAIOT UYYBCTBUTEJIbHOCTh
cucteMbl. I3 aHanu3a BbipaxeHus (1) oueBUAHO, YTO
JUIST MUHUMM3ALUY 1IYMOB U3MEPUTEIbHON CUCTEMBbI
HEOOXOAMMO WJI YMEHBINATh IIIYMBI YCUJITUTEIS, TIPH-
BEJICHHbIC KO BXOAY, WIM MOBBIIATh KOIGDGUIIMEHT
nepenayu noroka Vy,. Ecam nepBulii moaxon 3akirova-
eTcs B pa3paboTKe MaJOIIYMSIIIETO YCUJIUTENS C TII0T-
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HOCTBIO IIIyMOB, NPUBEIEHHON KO BXOHdy, ITOpsIKa
0,11B/ J/T11, (4TO BO3MOXHO, HAIIpUMEpP, B KPUOTEH-
HBIX YCJIOBMSIX), TO BTOPOI MOAXOJ 3aKJIIOYaeTcs B
MPUMEHEHUN CXEMbI C JOITOJHUTEIBLHON 0OpaTHOM
cBa3blo [15].

[MpuHnunmaneAble W (GYHKIUOHAIBHBIE CXEMBI
cuuThIBaHMS nojie3Horo curdana ¢ nt-CKBW/la ¢ no-
MOJHUTEbHON 0OpaTHOI CBS3bIO MPEACTAaBICHBI Ha
puc. 4. B cBsI3M ¢ TeM, 4TO OOpaTHYIO CBSI3b MOXKHO
peasn3oBaTh KakK MO HaIpsKEHUIO0, TaK U IO TOKY,
BO3MOXHHI IBe 0a30Bble KOHpuUrypamuu. Cxema ¢ 10-
MOJHUTEIbHON O0OpaTHOM CBSI3bI0 IO HAIPSIXKEHUIO
cocrout u3 nT-CKBW/Ia u napannenbHoil RL-Liemnu.
HuHamuueckoe comnpotusieHue nr-CKBW]la Rdyn n
pe3ucTop 00paTHOM CBS3U R/b 00pa3yloT AeIUTelb Ha-
MPSIKEHUSI, C BbIXOAA KOTOPOTO CHUMAETCS HaIpsike-
nue Voyr:

R
Vour = @sVo L= 1)

dyn \fb
CymMMapHOe  COMNpOTMBJIEHUE JAUHAMUYECKOIO

conporuBieHuss nr-CKBW/a Rdyn U pe3ucTopa
00paTHOI CBSI3U be KOHBEPTUPYET HAIIPSKEHUE C
nT-CKBH/la B Tok oOpaTHOI cBs3u. Yepes KaTylLIKy
WHIYKTUBHOCTA OOPaTHOM CBSI3U Lfb, CBSI3aHHOM CO
CKBH/Ilom uyepe3 Ko3hPUIIMEHT B3aUMOMHAYKIMN
be, MarHUTHBIA ITOTOK, MPONOPLMOHAIBHBIA TOKY
obpartHoii cBg3u, Ttogaercs Ha nT-CKBU/I:

— b
Dy = R—% Vour (22)
dyn \fb
Takum o0Opa3oM, yBeIMYeHUE BXOJHOIO Mar-
HUTHOTO MOTOKA ®, BBI3LIBACT €lle OOJIbLIEE YBEIU-

YEeHUE MAarHUTHOro Motoka @y, MPOHMU3BIBAIOLLETO
nT-CKBU/I:

Oy =, + Dy, (23)

IMoncraBus (21) u (22) B (20), MOXHO MOJTYYUTD SAB-
HYIO 3aBUCUMOCTb BBIXOIHOTO HAIpsKeHUs Vopr OT
BXOJHOIO IOTOKa @ ;:

Vour= Vo D, =
ouTr a
1_[&]‘1@_5_@]
v
=2 g =yiVe, 24)
[

V.M, R
rae By = o b “dyn Ko3(ppuumreHT oOpaTHOM
Rpp Ry
CBSI3M T10 HANPSDKEHUIO.




” 75 VoUT
Ll 71 VT

Rg +Rfb

b)

Puc. 4. Cxema cuntbiBanus curaana aias nT-CKBH/la ¢ nonoannrebHoil 00paTHO# CBSI3bI0: TPUHIMIMATBHAS (a) U GyHKUMOHANbHAs (b)
CXeMbl C OOPaTHOI CBSI3bIO MO HAMPSDKEHUIO; MPUHIMIUANbHAsS (¢) U hyHKUMOHaNbHAs (d) cXeMbl ¢ OOpaTHOM CBSI3bIO TIO TOKY

Fig. 4. Diagrams for dc-SQUID signal read-out with an additional feedback: the principle (a) and functional (b) voltage feedback circuits; the principle

(¢) and functional circuits (d) for the current feedback

AHaJOTUYHBIM 00pa3oM paboTaeT cucTema C IoJjo-
KUTEJIbHOU 00paTHOI CBSA3bIO MO TOKY. Takasl cucre-
Ma coctouT u3 nT-CKBW1a u mocnenoBarebHON MH-
JIYKTABHOCTU Lfb- BxonHoi#i moToK @, KOHBEPTUPYETCS
B HanpspkeHne Ha nT-CKBU/le. Jnramudueckoe co-
npotuBieane CKBW/la npeobpa3yer 3TO Hampsike-
HUE B BBIXOAHOM TOK /(7"

V@
[O)ap> (25)

lovr = 5 —-
dyn
BrixonHo# 10K [/ Ha MHAYKTUBHOCTU Lg KOH-
BepTHUpyeTcsd B MarHuTHBIN motok. CKBU /I mocTostH-
HOTO TOKAa W MHIYKTUBHOCTH CBSI3aHBI MEXIY COOOI
yepe3 KoaOUIIMEeHT B3aMMOUHIYKIIUU be:

TaxuM 00pa3oM, yBeIMYEHNE BXOTHOTO MAaTHUTHOTO
NoToKa @, BbI3bIBACT €lle OOJbllIee YBEIMUEHUE Mar-
HUTHOTO TOTOKa @y, mpoHusbiBaroliero nr-CKBU/I,
Kak Y B MpebIaylleM cayyae.

IMoncraBus (22) u (25) B (24) 1 yuuThIBasi, 4TO KO-
apduMeHT nepegayyd MMOTOKa II0 TOKY B 3adaHHOM
1 _ Y
M dyn Rdyn

ABHYIO 3aBUCHMMOCTb BBIXOJHOI'O TOKa 1 oyt OT BXOI-

paboueii Touke Iy = , MOXHO TIOJIyYUTh

HOTO IOoToKa P ;:

1

I
d - ) _ yAPF I
IOUT - 1)‘}4’1 (Da 1 _ B (Da - ](D (Das (27)
- 1
Mdyn

_ My N
rae By = — K03 @ULMEHT O0paTHOM CBA3U IO
Mdyn
TOKY.

OcHoBHag uzest Noaxoja, OCHOBAaHHOTO Ha MIpUMe-
HEHUU IOJIOXUTEIbHOI 00paTHOM CBSI3U, 3aKJII0YAeT-
csl B MOAM(UKALIMY BOJIbT-TIOTOKOBOW XapaKTEPUCTU -
KM (s 0OpaTHOM CBSI3U I1O HAIPSKEHUIO) M aMIIep-
MOTOKOBOM XapaKTepUCTUKU (IJ11 OOpaTHON CBSI3U
o TokKy). ITonoxureabHas oOpaTHas CBSI3b OCYILECT-
BJISIET aCCUMETPUYHOE U3MEHEHME XapaKTepUCTUK:
MOJIOXXUTEIbHBIM HAKJIOH CTAHOBUTCSI 00Jiee KPYThIM
(T. e. Ko3hhULUUEHT Mepeaayd IOTOKa B paboueit
TOUYKE Pe3KO YBeJIMYMBaeTcsl), a OTpULIATEIbHbI —
0osee nojorum. Ipu aTom popma amnep-noToKOBOM
U BOJBT-TIOTOKOBOW XapaKTePUCTUK OCTAlOTCS MC-
XOJIHBIMU JJIs1 ABYX BBILIE YITOMSHYTBIX KOH(UTypa-
LIUMA COOTBETCTBEHHO.

OTMeTHUM, YTO MpPU TAaKOM MOAXO/E 3HAUUTEbHO
YMEHBIIACTCI AOMYCTUMBINM JIMHEUHBIA AUara3oH
@), B CPaBHEHHE C COOCTBEHHBIM JIMHEWHBIM 1A~
nasonom nr-CKBM/la ®;,, 4TO HenaeT HEBO3MOX-
HbIM MpUMMEHEeHUE JaHHOK cXeMbl O6e3 meTiu ¢pukca-
uuu noroka. Takxke B ciydyae oOpaTHOI CBSI3U MO Ha-
MNPSDKEHUI0 MMEeeT MECTO HeOOJIblloe YMEHbIleHUe
pa3Maxa BOJIbT-TIOTOKOBOI XapaKTepUCTUKMU BCJIEICT-
BUE TaJeHUs] YaCTU BBIXOAHOTO HaIpSKEHUsI Ha pe-
3UCTOpE Rﬂ,. Pesucrop ob6paTHOIt CBsI3U Rﬂ, 2TaK>Ke Jo-
OaBJIgeT B CUCTEMY LIYM Iopsinka 4k p TR/bB > OMHAKO
3TOT PE3UCTOP YaCTO HAXOJAUTCS MPU OJHOU TeMImepa-
type ¢ nT-CKBWdoMm, 1 B cuiay TEIUIOBOM NMPUPOIBI
1IyMa UM MOXHO TNpeHeOpeYb B TAaHHOM CJIyyae.
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CpaBHeHHe NPUHIMIIOB JOMOJHATEILHON 00PATHOI CBSA3M MO HANPSIKEHUIO M 1O TOKY
Comparison of the additional positive voltage feedback and current feedback

XapakTepucTrKa OO6patHast CBSI3b 110 HANPSIKEHUIO O6paTHas CBsI3b IO TOKY
Characteristics Voltage feedback Current feedback

APF
KoadduumenT nepenaun motoka no HanpsbkeHuo V'™,

APFE,V V
B/®, Vo = = 1 7‘1[’3 g Vo
Flux voltage transfer coefficient VgPF, V/®,
KoaddunueHT mmepegaun moToka 1o TOKY ](’;PF, A/D, I JAPET 1y
® @ Y
Flux current transfer coefficient 1£PF, A/D, 1=,

APF
CriexTpasbHasi IUIOTHOCTb LIYMOB 10 HaMpsDkeHuo Sy,

B/JTu
Spectral density of noise by voltage, Sf,‘PF, v/ JHz

I'paduK BOJBT-MOTOKOBOM XapaKTEePUCTUKU
Voltage-flux characteristic curve

I'paduk amriep-mOTOKOBOM XapaKTepUCTUKU
Current-flux characteristic curve

S APF
JIuHeiiHblit 1Mana3o0H BXOAHOTO moTtoka &y~ , Mg

r (1= BpPPy, (I = BpPyy,
Linear range of the input flux @y, , @,
Yacrora cpe3a ngF, I'o APEV be APF. I Z,
APF fo =(1_BV)2 I fco =(1_l31)2 7
Cut-off frequency f¢  , Hz Ly Ly
YTto KacaeTcsi 4aCTOTHBIX CBOWCTB MpencTaBJIeH- 0O060011IeHNEe TPUHIIMIIOB AOTOJIHUTEIbHOM 00part-

HBIX BBIIIE CXEM, TO BCJIEACTBUE MCIIOJIb30BAHUSI HO CBSI3U M0 HAMPSIKEHUIO U MO TOKY MPEICTaBICHO

TIOJIOXMTEbHON OGPAaTHON CBA3M MCXOMHAS Tojoca | B Tabmuue. Pasmmunbie Bapuanyiy KoMOUHAIMI ABYX
BBILICYOMSTHYTBIX CXEM C TIOJIOXHUTEIbHON 00paTHOMI

CBSI3bI0 JIAIOT BO3MOXHOCTb YCUJIUTb 3((HeKT yMEeHb-
KO3 OUIIUEHTY YCUIEHUS CHUCTEMBI —-1-—. Hcxon- LIEHWS BIWSHUS 1IyMa MOCJIENYIOLIEH 3JIEKTPOHUKH.

I- ) Taxue penieHus MO3BOISIIOT UBMEHSITh KakK aMmIiep-1o-
Has ToJioca CUCTeMbl OMpeaessieTcs 4YacTOTOu cpe3a TOKOBYIO, TaK M BOJBT-TIOTOKOBYIO XapaKTepUCTUKM,
YTO MO3BOJISET YBEIMUUTh IMHAMUYIECKOE COTIPOTUBIIC-

cucteMmbl "3ape3aeTcss’ oOpaTHO MNPOMOPLUUOHATILHO

. /b )
00paTHOIi CBA3U f : B cilyyae OOpaTHOI CBA3M MO

- R HUE Rdyn Y TOKOBYIO UYyBCTBUTEJIbHOCTD . C yue-
HaIpSKEHUIO fé’ = 2—%, a B TOKOBOM cCliyyae dyn
T fb
P TOM TOTO, 4TO Vg = Rdyn‘M“l‘“ u (5), 1IyM, IIpUBEACH-
b, 1 j . d
fé = L rie Z;, — BXOIHOI UMIIEAaHC T1OCTIe- . o
21 Lfb HBII K BXOAY MOCJIEAYIOLIETO KOMHATHOTO YCUJIATES,

MOXET OBITh YMEHBIIIEH 1 OYAeT HIKE YPOBHSI COOCT-
BeHHBIX 1IyMOB Ha Beixoge nT-CKBWa [16—19].
Takum o6pa3om, cXeMbl ¢ JOMOJTHUTEIBHON TOJIO0-
KUTEJIbHON 00PaTHOM CBSI3bIO MTO3BOJISIIOT 3HAYUTEIIb-
HO YMEHBIIUTH LIIYMBI, TPUBEASHHBIC K BXOIY YCUJIU-
3HAYUTCIBbHOMY YMCHBIICHUIO ITOJIOCHI UCCIEAYEMOTO Tess, 3a CYeT MOAU(UKAIIMY BOJBT-TIOTOKOBOM 1/MJIH
CUTHaJAa. amrrep-T1iorokoBoii xapakrepuctuku nT-CKBHW/Ia. Bto

JYIOLLETO YCUIUTEs1/TIpeo0opa3oBaTesisi TOK — HaIpsi-
JKEHHUE WIM, dYallle BCEro, MOMOJHUTEIBHOrO Iapa-
JIeJIbHOTO pe3ucTopa. OGBIYHO MHAYKTUBHOCTH 00paT-
HOIT CBsI3M Ly, NpeHeGpekMMO Malia ¥ He IIPUBOAMT K
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TIPUBOIUT K PE3KOM aCUMMETPUH XapaKTePUCTUK: T10-
JIOXKUTENbHBIA HAKJIOH XapaKTepUCTHMKU CTaHOBUTCS
3HAUUTEJIbHO Kpyue MO CPaBHEHUIO C MCXOMHOM, YTO
BbI3bIBAET yBeJUUeHUE KoaddulimeHTa mpeodpa3oBa-
HUS MIOTOKA U TeM CaMbIM 3HAYUTEIbHO CHMXAET Tpe-
OOBaHMS IO 1IIyMaM JIJIs CYUTHIBAIOLLIEH 2JIEKTPOHUKU.
OCO00EHHOCTBIO TAHHOTO MOIXOAA SIBJISIETCSI CYXKEHUE
IUHAMHWYECKOTO Iuaria3oHa W HeOoOXOOUMOCTh WC-
MOJIb30BaHUS METAM (UKCAMU TOTOKA, a TaKXKe He-
BO3MOXHOCTb TMPUMEHEHUs] MOAYISILIMOHHON CXEMBbI
CUMTHIBAHUS.

3aKkmoueHne

Ocob6ennoct CKBHWIoB HakiagbBalOT OMpeme-
JIEHHBIC OIrPaHMYEHUST HAa U3MEPEHMUSI MAarHUTHBIX I10-
Jeit. Bo-nepBhIX, 3HAUUTEIbHASI HEIMHEMHOCTD IIepe-
JIaTOYHOUN XapaKTEPUCTUKU CUJBHO JIMMUTUPYET Jv-
HEHHBIA ArMana3oH MU3MEPSIEMbIX CUTHAJIOB, MO3TOMY
Ha TMpaKTUKE MCIIOJb3YIOT NOIOJHUTEIbHYIO 3JIeKT-
POHHYIO 00BSI3KY — cxeMy ¢uKcaluy noroka. Bo-Bro-
PBIX, YPOBEHb 1IYMOB nocieayoulero 3a nT-CKBWlom
KOMHATHOTO YCWINTEJISI Ha IOPSIA0OK MPEBHIIIAET YPO-
BeHb cOOCTBeHHBIX 1IyMoB NT-CKBW/la, uTo He mo3-
BOJISIET Pa3IMUMTh MaJiblii TTOJE3HbIN CUTHAI Ha (poHe
myMoB. st mpeomosieHusT 3TUX OTpaHUYEHUM MC-
MOJIB3YIOT MOIYISILMOHHYIO CXeMY CUMTBIBAHMS WIN
CXeMYy C JIOTIOJIHUTEJILHOM oOpaTHoO cBsi3bio. Heobxo-
JUMO TIPUHUMATh BO BHUMaHUE, YTO JIOOOE YCIIOXKHEe-
HU€ U3MEPUTEILHOI CUCTEeMBbl BHOCUT HOBBIE OIrpaHu-
YeHMsI, TaKhe KaK YMEHbIIECHHE padoyeid MOJOCHl B
YacTOTHOM 00J1aCcTy UM JIMHEWHOro auamna3oHa. Bee or-
paHUYEHUS JOTOJHUTEIbLHOM BJIEKTPOHHOK OCHACTKU
CBsI3aHBI C TEM, YTO Ha JaHHBIM MOMEHT HE CYIIECT-
BYET 3JIEKTPOHUKM, CITOCOOHOI paboTaTh B CTOJIb HU3-
KUX TeMIiepatypax (KeJbBUHOBBIN Auarna3oH). JIis cBsi-
31 KpHOTeHHOM yacTu MarHuTometpa (nT-CKBU ) ¢
KOMHATHON I1IyMSIIEHA SJIEKTPOHUKON TPUXOIUTCS
WCIIOJIb30BaTh JJIMHHbBIE JIMHUM Tiepelauyu, KOTOphie
OrpaHMYMBAIOT IOJIOCY UCCAEAYEMBIX CUTHAIOB.

B cnenyroieit yactu paboThl OymeT IIpeAcTaBieH
aHaJIM3 CYUIECTBYIOIIMX PEIIeHUIA B 00JJACTU KPUOTEH-
HOM 3JIEKTPOHUKU, UCIIOIb30BAHWE KOTOPOU KaK KO-
YeBOro 3BeHa B mepcreKTUBHBIX cucremax CKBUI-
MarHMTOMETPOB TMO3BOJUT B 3HAYUTENIbHON CTENEeHU
CHSITb OIPAaHUYEHMST JOMOJHUTEBHON 3JIEKTPOHHOM
OOBSIZKM.
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Introduction and problem statement

Superconducting quantum interferometers
(SQUIDs), the devices of quantum superconducting
electronics, — are the highest precision sensors of the
magnetic flux. Part 1 of the review [1] presented the ba-
sic principles of operation of a low-temperature direct
current SQUID (dc-SQUID), because exactly these
devices allow us to reach the maximal sensitivity. The
authors analyzed the fundamental limitations of the
dc-SQUIDs, which do not allow us to use them as the
finished devices. First of all, they concern the small lin-
ear range of the input value, and small sizes a SQUID
limiting its sensitivity to the magnetic field. Besides,
there is a limitation connected with the high noise of
the amplifier, which follows a dc-SQUID and does not
make it possible to realize all the potential of the sys-
tems on the basis of the SQUIDs. Another limiting
factor for their use is the working temperature of a
dc-SQUID, which is about 4.2 K, because, so far, there
is no standardized and commercially available electron-
ics capable to work at such low temperatures.

Part 2 of the work presents the basic electronic cir-
cuits for reading of the useful signal from a dc-SQUID
and the main limitations introduced by an additional
electronic binding. The authors analyzed the existing
basic solutions, allowing to solve the interface problems
of the low-temperature dc-SQUID and of the output
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so-called "room electronics” used for reading of the sig-
nals. These solutions make it possible to overcome the
fundamental limitations of the SQUID magnetometers.

Schemes for reading of the dc-SQUIDs,
allowing to overcome the fundamental limitations

A direct read-out scheme with a flux fixed loop. As is
shown in [1], owing to the nonlinear dependence of the
volt-flux characteristic of a dc-SQUID, considerable
changes of a magnetic flux inevitably lead to the non-
linear distortions of the output signal. Therefore, it is
necessary to ensure stability of a operating point on the
volt-flux characteristic for maintenance of the constant

coefficient of the flux transfer Vg, = alq . This will

ol |, _ o,
allow us to reduce the nonlinear distortions and noise
of a dc-SQUID in case of a deviation of the operating
point from the optimal condition. Thus, fixation of a
operating point ensures an increase of the dynamic
range of the system.

For stabilization of the operating point, a negative
feedback loop is usually used, which allows us to
fix a magnetic flux through a SQUID. Such a loop
(fig. 1, a, b) [2] is called a flux locked loop [3] and it
works as follows. The operating point on the volt-flux
characteristic is initially set by the offset current of
dc-SQUID. The voltage deviations owing to the influ-




ence of the external magnetic flux are amplified by
means of the amplifier and are integrated. Via the feed-
back resistor the resulting signal is supplied to the in-
ductance coupled with the SQUID (be — mutual in-
ductance coefficient). In this loop the SQUID works as
a flux adder: the feedback flux proportional to the out-
put voltage of V7 is subtracted from the input flux,
and forms an error flux:

D, =0, — (I)ﬂ,. (D
The correlations for the direct and reverse branches

of the system look as follows:

Vour = @.VeGys (2)
(be = VOUTGfb’ (3)

where G; = G,4G,V3; — open loop voltage gain,

My, . :
Gy = —I% _ feedback fraction, G4, G; — amplifier

and the integrator gains, respectively. From here
Gy

V. = ¢
Ul 1+G,Gp

G 1 (4)

_ 1
Pa 1+G GfbcDa’

where G = Gdeb — the loop gain.

A change of the operating point of such a system
during variation of the input flux looks like the follow-
ing: the operating point on the volt-flux characteristic
of SQUID moves in G + 1 times "slower", i. e. the lin-
ear range increases in G + 1 times. The condition of
G = o corresponds to the case of a completely static op-
erating point.

Besides this obvious advantage of the use of the flux
lock circuit, which is demonstrated in a significant in-
crease of the dynamic range of the measured values, the
not ideal character of the used electronics, by means of
which the feedback loop is formed, introduces a
number of limitations for the dynamic parameters of
the investigated signal. Let us consider these limitations
in more detail.

1. The limitations related with the noise of the ampli-
fier. The ability of a dc-SQUID to detect changes of the
magnetic field at the level of fractions is limited only the
noise level of the measuring system. In the elementary
case the measuring system consists of a SQUID and an
amplifier (for simplification reasons we will consider
the source of the offset current of SQUID as ideal). The
spectral noise density of the magnetic flux Sg ,, of
such system consists of the SQUID noises Sq, go and
the amplifier noise Sg, 4pp [4]. In its turn, the noise of

the amplifier consists of the noise of voltage Sy 4u/p
and current Sy 4y/p:

So, 1ot = Sw, 50 T So, amp = S0, so T

2
+ Svampt SpampRayn _ Sy so* Sy amp )

2 2
Vo Vo
where S}, go — the noise spectral density of voltage of
de-SQUID, Ry, = & — the dynamic resist-
! oy _ g

ance of the dc-SQUID at the steady flux.

Because of the insignificance of the dynamic resist-
ance of Ry, the current component of the amplifier
noise can be neglected.

Usually, the noises of the SQUID itself are doz-
ens of times less than the amplifier noises and by
their value correspond to SV, s0 = 0.1 nV/./Hz and
So. amp = 1 nV/J/Hz. The specified noise level of the
arrfpliﬁer corresponds to a rather good commercial
(cost-of-the-shelf) room amplifier [5, 6]. A considera-
ble reduction of the amplifier noise, down to the level
of the noise of the SQUID itself, can be achieved due
to application of the special cryogenic amplifiers.

Besides the own white noise of the amplifier, there
is a problem of reading of the signal created by the flick-
er noise of the amplifier, the cutoff frequency of which,
depending on the design of the input cascade of the am-
plifier, is more by orders (f- 4yp ~ 100 Hz...10 kHz)
than the the flicker-noise cutoff frequency of the
dc-SQUID itself [7]. One of the ways to overcome the
limitation of the low-frequency noise is application of
the modulation scheme of reading, an analysis of which
is presented below.

2. The frequency limitations related with the stability
of the electronics of the flux-locked loop. The frequency
properties of the dc-SQUID itself (the ability to detect
rapid changes of a flux) are limited only by the parasitic
components of Josephson contacts (capacity, resist-
ance) and inductance of the superconducting loop. At
the modern technological level, which allows us to cre-
ate dc-SQUID with the characteristic sizes of tens of
nanometers [8], its working frequency can reach the
values over 10 GHz. However, the use of a deep feed-
back for construction of the flux-locked loop circuits
limits considerably the frequency range of the measur-
ing system. This is related with an inevitable phase shift
of the signal transformed by means of electronics. In
case of the total (i.e. through all the conversion path)
phase shift exceeding 180° and amplification more than
a unit, the negative feedback turns into a positive feed-
back, and the amplification system turns into a gener-
ator. The frequency properties of the electronic system
are usually characterized as a gain-bandwidth product
GBW. For simple systems with single pole on the fre-

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 4, 2019 241




quency characteristic (for example, for an operational
amplifier) this parameter is equated to the frequency of
a single amplification f (the frequency, at which the
gain equals to a unit):

GBW = f A, (6)

where f- — the cutoff frequency (boundary of the trans-
mission band), A,; — gain in the bandwidth. Thus, hav-
ing equated the total amplification of a feedback loop
to a unit, it is possible to determine the frequency
range, where the feedback will be stable:

1
G, = — (8)
Vo Gy
GBW = G,G,Ge. 9)

Exactly this frequency range will define the frequen-
cy properties of all the measuring system. We should
have in mind, that the greatest contribution to the am-
plification will be made by the amplifier, while the in-
tegrator will determine the cutoff frequency.

3. The limitations related with the speed of increase of
the input signal. Another important parameter of the
flux-locked loop system is the slew rate (SR):

SR = do/dt. (10)

In case of the flux-locked loop scheme, if the signal
arriving to the input of the measuring system exceeds
the linear range, then the feedback interferes a variation
of the operating point and the system does not undergo
any nonlinear distortions. However, if the slew rate of
the feedback signal is very slow, then the feedback has
no time for a response to the variation of the input sig-
nal, which also leads to the nonlinear distortions. Ow-
ing to the time nature of the dependence of the reason
for their emergence, such distortions are called dynam-
ic. It is obvious that this parameter defines the most
possible amplitude-time characteristics of the investi-
gated signals. For the dc-SQUID within the flux-
locked loop, the following limitation for the measured
signals will be fair [9]:

do
SR> 4®| . (11)
dt max
do D
2 <06 (12)
max

where o~ = 2nfc.

Thus, an increase of the amplification property of all
the system and expansion of the bandwidth allow us to
solve the problems related with the slew rate of the in-
put signal.
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4. The limitations related with the time delay. Al-
though the electric signal has a high speed of propaga-
tion, but this speed is finite. And, in particular, the
speed of the signal propagation depends on the struc-
tural elements of the electronic system. It is quite ob-
vious that the signal delay will be more considerable in
the long transmission lines, than in short wires. Besides,
since all the electronic components operate by the prin-
ciple of the charge accumulation, it is obvious that a
two-cascade amplifier will have a longer delay, than a
single-cascade one similar to it, because of the parasitic
capacities of both passive, and active elements of the
circuit. In SQUID magnetometers the long transmis-
sion lines are frequently used for connection of the
SQUID itself, which is in the cryostat at a cryogenic
temperature, while the other electronics operate at the
room temperature. It is obvious that the delay in the
system within the feedback loop will affect negatively
the stability of the system and its frequency properties:
on the frequencies correlating with the time delays, the
splashes on the amplitude-frequency characteristic of
the system can appear.

In the work the following interrelation of the gain-
bandwidth product GBW and total time delay Af of the
system was proposed [10]:

1

GBW < . (13)

A close empirical expression was also offered by an-
other author in [11].

The typical values of unity gain frequency of a flux-
locked loop limited by a delay in cables are equal to
units and tens of megahertz. This shows that the work-
ing band of the measuring system is defined, first of all,
by a delay on the cables connecting a dc-SQUID with
"the room reading — out electronics" [12].

Thus, application of a flux-locked loop allows us to
expand considerably the dynamic range of a dc-SQUID
due to the optimal choice of the loop gain coefficient.
However, the feedback introduces certain limitations in
the band of the measured signals.

Flux modulation Read-out scheme. One of the es-
sential limitations of the circuits presented above, as it
was already mentioned, is a flicker-noise of the ampli-
fier following the SQUID. In order to overcome this
limitation, a flux-locked loop with modulation (fig. 2)
is used [13]. Its basic principle is in transfer of the range
of the useful signal into the area of high frequencies,
where a flicker-noise is absent, with the subsequent
transfer of the investigated signal to the area of the low
frequencies [14].

This scheme is a combination of a flux-locked loop
and a synchronous detector. The subsequent analysis
is fair for harmonic approximation of the transfer
characteristic, when the volt-flux characteristic is




close to the cosine. The transfer characteristic of the
dc-SQUID can be presented, as shown in fig. 3, a:
V 2 V
= Pgin[£"p_T _pp
H®) = sm(q)ocl) 2) v, (14)

where Vop — voltage amplitude at the output of the

dc-SQUID. The input signal of the dc-SQUID will be
the sum of the measured external flux and the modu-
lation signal. The modulation signal of ®,, with fre-

quency of f,, = 100 kHz...1 MHz and with the ampli-

(O]
tude of TO , comes to the dc-SQUID from the refer-

ence generator by means of inductance (fig. 3, b):
_ _ D .
D, =0, + D, =0, + vy sin(2nf,, 7). (15)

Such a modulation causes symmetric deviations on
the volt-flux characteristic of the relatively operating
point. By substituting (15) into (14), we get the output
signal from SQUID Vg (fig. 3, ¢):

VSQ = H((Dm) =

V. 2 0] V.
= _PPgjp| =T 04 ST o4 pp
5 sm(q)o[q)[ﬁ 1 sm(anmt)j 2} > (16)

After the amplification the signal comes to the syn-
chronous detector, which is tuned to the modulation
frequency f,,. The response of detector Vppr is the
product of the amplified signal from SQUID V,rand
the signal of the reference generator Vypp (fig. 3, d):

Vper = GVgo X Vepp = G(Vgg X sinQnf,,1), (17)

where G — path amplification.

In case of a zero external flux ®, = 0, at the output
of the dc-SQUID there will be a signal of a double
modulation frequency (2f,,) and, as a result, after inte-
gration at the output of the synchronous detector there
will be zero. If the input flux is equal, then at the output
of dc-SQUID there will be a signal of the maximal am-
plitude with frequency f,,, while at the output of the
synchronous detector — the maximal signal. If the in-

o
put flux is within the range of 0 + —249 , then the output

signal of the dc-SQUID will contain the component at
frequency f,,, and the synchronous detector will give

the constant voltage proportional to amplitude £, of the

component.

In the example presented above the modulation is
applied by a harmonic signal. A drawback of this ap-
proach is an increased noise, because the operating
point varies smoothly, passing the point of the lowest
sensitivity on the transfer characteristic. Most frequent-

ly, a signal with a meander form is used as the modu-
lation signal. This ensures constancy of the sensitivity
(the operating point is always in the position of the
maximal sensitivity), which results in a minimal noise.
A drawback of this approach is existence in the spec-
trum of the output signal of the peaks, corresponding
the harmonics of the reference signal, which worsens
the dynamic range of the system, free from noises.

Let us consider the limitation of the band of the sig-
nal related with the frequency of the reference genera-
tor. Operation of the synchronous detector is based on
the principle of multiplication of the signals. In case of
the harmonic signals the output signal of the multiplier
Vax can be presented as follows:

Vix = Asin(of + @) X Bsin(o,,f) =
= ’%(cos{(m —o,)t+t o] —
— cos[(o + 0,)f + ¢]), (18)

where o — angular frequency of the input signal; ,, —
angular frequency of the reference signal; ¢ — phase of
the input signal; A and B — amplitudes of the signals.
In case, when o = o,, the expression (18) can be written
in the following way:

Vigix = ’%(cosw — cos[2m,,t + ¢]). (19)

Thus, after the multiplication the measured signal is
transferred to the area of the zero frequencies, and for
its subsequent detachment a low-frequency filtration of
the double frequency component is necessary. In case
of the modulation read-out circuit for the dc-SQUID
the filtration is carried out by the integrator.

It is obvious that the working band of the system fre-
quencies will be defined by the integrator. The main re-
quirement consists in an effective filtering of the double
frequency component, therefore, the integrator cutoff
frequency, and, hence, the working bandwidth of the
frequencies BW of system, should be considerably less:

BW < 20, (20)

Thus, the modulation scheme for read-out of a sig-
nal from dc-SQUID allows us to reduce substantially
the influence of the flicker-noise of the amplifier and
the SQUID itself due to a synchronous reception, while
the transformer outcome allows us to match the
dc-SQUID and the room amplifier by noise.

Circuit with an additional positive feedback. As it
was demonstrated earlier, the noise of the amplifier fol-
lowing the dc-SQUID limits substantially the sensitiv-
ity of the system. From the analysis of the expression
(1) it is obvious that for minimization of the noise of the
measuring system it is necessary either to reduce the in-
put referred noises of the amplifier or to increase the
flux transfer coefficient Vg. While the first approach
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consists in development of a low-noise amplifier with
the input referred noise of about 0.1 nV/./Hz (which
is possible, for example, in the cryogenic conditions),
the second approach consists in application of the cir-
cuit with an additional feedback [15].

The schematic and function diagrams for reading-out
of the useful signal from a dc-SQUID with additional
feedback are presented in fig. 4. Since a feedback can be
realized on both voltage, and on current, two basic con-
figurations are possible. The circuit with an additional
voltage feedback consists of a dc-SQUID and a parallel
RL circuit. The dynamic resistance of dc-SQUID and
the feedback resistor Rﬂ) form a voltage divider, from
the output of which voltage V7 is taken:

Voyr= Os V. ————Ifﬂ-’—-—— . 21

our z ®Rdyn+be ( )

The total resistance of the dynamic resistance of the

dc-SQUID and the feedback resistor Rﬂ, converts volt-

age from dc-SQUID into the feedback current. Via the

coil of the feedback inductance Lﬂ, coupled with the

SQUID through the mutual inductance coefficient Mﬂ),

the magnetic flux proportional to the feedback current
is supplied to the dc-SQUID:

My,

(D =
o Rdyn + be

Vour (22)
Thus, an increase of the input magnetic flux @,

causes a bigger increase in the magnetic flux penetrating
the dc-SQUID:

Oy = O, + Dy, (23)

By substituting (21) and (22) into (20), it is possible
to get an obvious dependence of the output voltage
Voyr on the input flux @

V(D
Vour = o, =
| ( VoM Rdzn]
1%
=2 ¢ =yile (24)

VoM R
where g, = —2 /% — “dm _ feedback voltage coef-
ficient.

The positive current feedback works in a similar
way. Such a system consists of a dc-SQUID and serias
inductance Lg. The input flux @, is converted into
voltage on the dc-SQUID. The dynamic resistance of
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the SQUID transforms this voltage into the output
current /g

Vo®s

loyr= (25)

Rdyn '

The output current /g, on inductance Lg, is con-
verted into a magnetic flux. The dc-SQUID and the in-
ductance are coupled between themselves through mu-
tual inductance coefficient M/b:

Thus, an increase of the input magnetic flux @,
causes even a bigger increase in the magnetic flux pen-
etrating the dc-SQUID, just like in the previous case.

By substituting (22) and (25) into (24) and consid-
ering the fact that the coefficient of the current flux
transfer in the set operating point is /, = A% = RV@ ,

dyn dyn
it is possible to get an obvious dependence of the output
current [/ on the input flux:

M I APE, 1
loyr= —41= 0= " %= lo  On @D
- I
Mdyn

where ;= Mp feedback current coefficient.
dyn

The main idea of the approach based on application
of the positive feedback consists in modification of the
volt-flux characteristic (for the voltage feedback) and
ampere-flux characteristic (for the current feedback).
The positive feedback carries out an asymmetric change
of the characteristics: the positive slope becomes more
abrupt (i.e. the coefficient of the flux transfer in the op-
erating point increases sharply), and the negative one
becomes more flat. At the same time, the forms of the
ampere-flux and the volt-flux characteristics remain in-
itial for the two above mentioned configurations, re-
spectively.

We should point out that at such an approach the
available linear range decreases considerably in com-
parison with the own linear range of the dc-SQUID
®;;,» which makes impossible application of this circuit
without a flux-locked loop. Besides, in case of the volt-
age feedback a small reduction of the swing of the volts-
flux characteristic takes place owing to the fall of a part
of the output voltage on resistor Ry, The fzeedback re-
sistor Ry, also adds noise of about 4k TRz, B, to the sys-
tem, however, this resistor is often at the same temper-
ature with the dc-SQUID, and in this case owing to the
thermal nature of the noise it can be neglected.

As far as the frequency properties of the circuits
presented above are concerned, owing to the use of the




positive feedback the initial band of the system "is cut”
in the inverse proportion to the gain of the system
ﬁ . The initial band of the system is defined by the

feedback frequency cut féb: in case of the voltage

R
feedback on fgll V= , and in the current case
2TC Lfb
ol Zin yh he input impedance of th
fo = T{L?,)’W ere z;, — the input impedance of the

subsequent amplifier/current-voltage coinverter or,
most frequently, the additional parallel resistor. Usual-
ly, the inductance of the feedback Lp is negligible and

does not lead to a considerable reduction of the band of
the investigated signal.

A generalization of the principles of the additional
voltage and current feedback is presented in the table.
Different variations of the combinations of the two
above-mentioned circuits with a positive feedback
make it possible to amplify the effect of the reduction
of the influence of noise of the subsequent electronics.
Such solutions allow us to change both the ampere-
flux, and the volt-flux characteristics, which makes it
possible to increase the dynamic resistance R, and

the current sensitivity . Taking into account the

dyn

fact that Vi = R !

[) dyn Mdyn
noise of the subsequent room amplifier can be reduced
below the level of the own noises at the output of the
dc-SQUID [16—19].

Thus, the circuits with an additional positive feed-
back allow us to reduce considerably the input referred
noise of the amplifier due to modification of the volt-
flux and/or ampere-flux characteristic of dc-SQUID.
This results in a sharp asymmetry of the characteristics:
the positive slope of the characteristic becomes much
more abrupt in comparison with the initial one, which
results in an increase of the coefficient of the flux trans-
formation and thus reduces considerably the noise re-
quirements for the read-out electronics. A specific fea-
ture of this approach is narrowing of the dynamic range
and necessity to use of a flux-locked loop, and also im-
possibility of application of the modulation read-out
circuit.

and (5), the input referred

Conclusion

Specific features of the SQUIDs impose certain lim-
itations on measurements of the magnetic fields. First-
ly, a considerable nonlinearity of the transfer charac-
teristic limits strongly the linear range of the measured
signals, therefore, in practice an additional electronic

binding is used — a circuit for the flux-locked loop.
Secondly, the level of noise of the room amplifier fol-
lowing the dc-SQUID exceeds by an order the level of
the own noise of the dc-SQUID, which makes it im-
possible to distinguish a small useful signal against the
noise background. For overcoming of these limitations
the modulation read-out circuit or a circuit with addi-
tional feedback is used. It is necessary to take into ac-
count that any complication of the measuring system
brings new limitations, such as reduction of the working
bandwidth in the frequency area and the linear range.
All the limitations of the additional electronic equip-
ment are related with the fact that at the moment there
are no electronic devices capable to operate in the con-
ditions of such low temperatures (Kelvin range). For
connection of the cryogenic part of the magnetometer
(dc-SQUID) with the room noising electronics it is
necessary to use long transmission lines, which limit the
bandwidth of the investigated signals.

The following part of the work will present an anal-
ysis of the existing solutions in the field of the cryogenic
electronics, the use of which as a key link in the per-
spective SQUID — magnetometer systems will allow us
to remove substantially the limits of an additional elec-
tronic binding.
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MNOAYNMPOBOAHUKOBBIE KOMIMOHEHTbI U YCTPOMCTBA SAEKTPOHHOM
TEXHUKM B KOPOTKOBOAHOBOM YACTU CBY AMATIA3OHA.

YACTD 11

Ilocmynuna ¢ pedaxuyuro 05.10.2018

Ilpoananuzuposan ypogenv pazeumusi S1eMeHmMHOU 0a3bl INeKMPOHHOU MEXHUKU HA OCHOBE NOAYNPOBOOHUKOBHIX U 60AHOBE-
Oyuux 31eKmpooUHAMUYEeCKUX CMpyKmyp 6 Kopomkogoanogou yacmu CBY duanazona. Paccmompenvt 0cobeHHOCMU KOHCMPYK -
Yutl omaoenvHbiX KOMHOHEHMO8 U YCMPOUcme, maKux KaK eeHepamopbl, YCUAumenu, YMHONCUMenu 4acmomsl, Usmepument Mo~
HOCmU, AUHUU Nepedauu U YCmpoucmea 0 MOOYAAYUU INEKMPOMACHUMHBIX 80AH C UCNOAb308AHUEM p—i—n-cmpykmyp. Onu-
CaHbl NpaKmuyecKue npuMeHeHus KOMRNOHeHMOo8 U ycmpoucme 6 Kopomkoeoanosou yacmu CBY duanasona.

Karouesvie caoea: mepaeepyoguili uanasoH, eeHepamopsi, 0emeKmopbl, YCuAumenu, p—i—n mMooyAsimopsl, AUHUU nepedayu,
paduosudenue, ymHoncumenau yacmomst, mooyau CBY, PJIC, uckyccmeenHbilli uHmeniexm

BOJIHOBe,IlylllI/Ie JIMHUHA K J3JICMEHTHI CONPAKCHUA

OCHOBHBIMM TPEOOBAaHMSIMU, TPEABSIBISIEMbIMU K
BOJTHOBEAYIIMM JIMHUSIM TIepenadyd SHEPTUU, SIBIIsI-
IOTCSl paBHOMEpHasl YacTOTHasl U JiMHelHas da3oBas
XapaKTepUCTUKY, MUHIMAJIbHOE 3aTyxaHWe Ha eIUHY-
1y JJIMHBI M MaKCUMaJIbHbl€ YPOBHM IlepeaaBacMoi
MOII[HOCTH.

B cyOMmiMMeTpoBOM auana3oHe paaloBOJIH Ha-
XOISIT TMIPUMEHEHUE B OCHOBHOM CJIeAYIOIIMe JTUHUM
repeaavn:

e MCETANIMYECKHUE TIOJIBIC BOJHOBOIBI C OCHOBHBIM
TUIIOM PacHpoCTpaHsIoNieiicsi B HUX BOJHBI U
BOJIHOBOMIBI C YBEIWYEHHBIM CcedeHHeM (MHOTO-
BOJIHOBBIE);
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o MCETAJUIOANIJICKTPUIYCCKHNE BOJTHOBO/IDI,
e KBAa3UOINTUYECCKUEC JTYUECBOILI.

MeTtannuueckre 0OJHOBOJTHOBbIE BOJTHOBOIbI SIBJISI-
I0TCS HanboJiee pacIpoCTpaHEHHBIMU B MIUIJTUMETPO-
BoM auanaszoHe. IIpu mepexoie B KOPOTKOBOJIHOBYIO
yacTh Avana3oHa (A ~ 1 MM) CBOMCTBa BOJHOBOJIOB
3HAUMUTENbHO yXyAlIawTcs. B mepByto ouepean cinemy-
€T OTMETUTb OBICTPOE YBEJIMUYeHUE MOTOHHBIX MMOTEePh
10 Mepe YKOPOUYEHMSI IJTMHBI BOJTHEL. boJbie motepu
1 XEeCTKUEe TPpeOOBAHMS K U3TOTOBJICHMIO M COUYJICHE-
HUIO BOJHOBOJOB CO3Jal0T TPYAHOCTHU AJISI Iepeaadyu
SHEPIUU Jaxe Ha Majble paccTosHMS. B mmamasome
JJIMH BOJIH 2...0,5 MM HCHOJIb3YIOT KOPOTKHME OTPE3KU
BoJTHOBOIOB ceueHreM 0,8 X 1,6 MM (A = 2 MM),




0,7 X 0,35 MM (L= 0,9 Mmm), 0,48 X 0,24 mm (A = 0,6 MM)
IUIST CO3AAHMS 3JIEMEHTOB 3JIEKTPOHHON TEXHUKU: Jie-
TEKTOPOB, CMECHUTeJIeli, aBTOreHepaTopoB, p—i—Hn-MO-
JIYJASITOPOB, BO3OYIMTENEH U T. 1.

YBennueHue BHYTPEHHUX Ppa3MEpOB BOJHOBOJAA
MO3BOJISIET YMEHBIIUTh 3aTyXaHW€ U MOBBICUTH HO-
CTYIIHBI YpOBeHb MoOIIHOCTU. HecMoTps Ha Maioe
3aTyXaHUE, UCTIOJIb30BAHUE TAKMUX BOJHOBOJOB Orpa-
HUYMBAETCI TEM, YTO B HUX MOXET CYIECTBOBATh
00JIbLIOE YMCIIO KOJeOaHU BhICIIMX BUAOB. B pexu-
M€ CUJIbHOM MHOTOBOJIHOBOCTH HEPIus pabodeil BOJI-
Hbl MOXET MNpeoOpa3oBaTbCsd Ha HEOMHOPOIHOCTSIX
TpakTa B BOJHbI HEPAOOUUX THUIIOB.

MHOTOBOJIHOBOCTh HE MpeAcTaBisia Obl OOJIBIIOK
OIaCHOCTHU, e€c/ii Obl TMHUS TNepeaayu MMesia CBOMCT-
Bo camoduibTpauuu. K coxaneHuto, MeTauinyeckue
BOJTHOBOJbI TAKMM CBOMCTBOM He 00janaroT. B Takux
BOJIHOBO/IaX OOJIbIIIOE YMCIIO Mapa3uTHBIX BOJH UMEIOT
MPaKTUYECKU TaKoe K€ 3aTyXaHWe, KaK M OCHOBHas
BOJIHA, @ UCKYCCTBEHHbIE METOJbI OOPHOBI C Mapa3uT-
HBIMHM BOJIHAMU OKa3bIBAIOTCS HEed(M(GEKTUBHBIMU.

OnHako B BOJTHOBOAAX KPYIJIOTO CEYEHMST UMEETCS
KJ1acc BOJIH, 00J1agaloinii CBOMiCTBaMM, pe3KO BhIC-
JISIOIMMUA MX U3 BCEro MHOroobpasusi BOJH, KOTO-
pble MOTYT CYLIECTBOBAaTh B IOJIBIX BOJHOBOJax. Te-
OpPeTUYECKM U IKCMHEPUMEHTAJbHO AO0Ka3aHO, YTO C
POCTOM YaCTOTHI 3aTyXaHue BOJIHBI /;; HEOrpaHUYEH-
HO yMeHbluaeTcs. CyllecTBEHHbIM 3aTpYAHEHUEM TTpU
UCIIOJIb30BaHUU BOJIHBI Hjy| B TeEparepLoBOM AManaso-
He SIBJISIETCS] HAJIUUME TIOTEPh MPU BO3OYKIAECHUHU, TaK
KaK MHOTHE MCTOYHMKHU KOJieOaHUI UMEIOT BBIXO-
HOW BOJIHOBOJ MPSIMOYTOJIBHOTO CEYEHUS YBEJIUYECH-
HBIX pa3MepoB. [l yncToro Bo30yKAeHUs BOJIHBIL Hy
HeO00XO0OUMO BHayajle BBLIEIUTL BOIHY Hj B IpAMO-
YTOJIbHOM BOJIHOBO/IE, a 3aTeM Yepe3 CIieliMalbHOe yC-
TPOMCTBO CJIOXHOI KOH(MUTYpallui BO3OYAUTH BOJHY
Hy| B KpyIJioM BOJHOBOJIE.

ITpuMeHeHMe KPYTJIbIX BOJTHOBOIOB, BO30YKIEHHBIX
Ha BOJIHE H();, OCOOEHHO MPUBJIEKATEILHO B KOPOTKO-
BOJTHOBOW 4acCTW MUJUIMMETPOBOTO Juamna3oHa BOJH
Ha vactote 50...150 I'Tu. ITorepu mporyckaHus BOJI-
HbI cocTaBisoT 1...2 1b/KM, 4TO ynoBIeTBOPSIET Tpe-
0OBaHUSIM CUCTEM JajbHElN 1IMPOKOIMOJOCHOW CBSI3U.

HMHTtepecHble CBOMCTBA MMeEET Iepenarollast Jin-
HUs, TTOJYYMBIIAs Ha3BaHHWe H-00pa3HOTO MeTayllo-
IUBJIEKTPUYECKOTo BoHOBoAa (puc. 1).

CrpyKTypa MarHUTHOTIO IoJisi B H-00pa3HOM BOJI-
HOBOJIE ITPU BOJIHE TUIa LM, mogo6Ha 1o CTpyKkType
MOJIIO B IIPAMOYTOJIbHOM BOJIHOBOJE TIPU BOJIHE TUIIA
Hj;. D10 06CTOATENLCTBO 00JIErYaeT BO30YKACHNE Me-
TJIOAU3JIEKTPUYECKOTO BOJTHOBOA € TIOMOILBLIO TUIaB-
HOTO Iepexoja OT CTaHAAPTHOTO IPSAMOYTOJbHOIO
BOJIHOBOJA. BBHIY OTCYTCTBUS IpelesIbHBIX TOKOB
m00as y3Kas MoIepeyHas 1eib He BhI3bIBACT U3JTyye-
HUS SHEPIUHU, YTO OOJIETYAET BBLITOJHEHNUE CTHIKOBKU

Z JusaekTpHK
Dielectric

Puc. 1. H-00pa3Hblii JU3JIeKTPHYECKHIl BOJHOBO,
Fig. 1. H-shaped dielectric waveguide

MEXIY COOTBETCTBYIOLIMMM METAULIMYECKUMU KOH-
TaKTaMU.

Bonna tuna LM, obnanaer CBOICTBaMHU, POACT-
BEHHbIMU BOJIHE H(y; B KpyrioMm BosHoBoze. [lotepu
B CTeHKax H-o0pa3HOro BOJIHOBOJAA MOHOTOHHO Maja-
IOT ¢ pocToM YactoThl. Ob1Iee 3aryxaHue H-obpa3Ho-
IO BOJIHOBOJIA C YUETOM IIOTEPh B IUBJIEKTPUKE MOXET
OBbITb MEHbIIIE, YeM Y CTaHIAPTHOrO MPSMOYTOJIbHOIO
BosiHOBoa. [TonepeyHsie pazmepsl H-006pa3HOro BoJI-
HOBoJa OOJIblllE, YeM Yy CTaHAAPTHBIX BOJHOBOJOB B
5TOM JMAalla30He, YTO TaKXKe SIBJISIETCS €ro IOJIOXKU-
TeJbHBIM KayecTBoM. [1oaToMy paccMarpuBaeMbIil TUIT
BOJIHOBOJIA TPEACTaBISIET MHTEPEC ISl €T0 UCIIOJIb30-
BaHMSI B KOPOTKOBOJIHOBOI YacTW MUJIIUMETPOBOIO
JHara3oHa.

Ha 6a3ze H-00pa3HOro MeTaIoAu3JIeKTPUIYECKOro
BOJIHOBOJIa BO3MOXHO CO3AaHUE MOJIYyITPOBOIHUKOBO-
ro ycunutenst. Kak orMevanaochk paHee, BaXKHbIM OIpa-
HUYMUBAOIIUM (DAKTOPOM MOBBILLIEHUS] YPOBHS BBIXOI-
HOI MOIIIHOCTH Y JUOJHBIX TEHEPATOPOB HA JJABUHHO-
nposieTHbIXx auopax (JITI[I) sBasiercst TeruioBoit pe-
KUM, BBIHYXIAIOIIWI KMCITOJIb30BaTh pabouMe IUIOT-
HOCTH TOKOB HVX€ ONTUMAJIBHBIX IS TOJyYeHUsI Bbl-
cokoii MolIHOCTU. IloBhIlLIEHNE TOABOAMMOI MOIII-
HOCTM MOXET ObITb JTOCTUTHYTO IMPU YMEHbIIEHUU
TEIJIOBOTO CONPOTUBIEHUA R,,. ONHUM U3 U3BECTHBIX
CMOCOOOB YMEHBIIEHUSI TEIJIOBOTO COIMPOTUBICHMUS
SIBJISIETCS MIEPEXOJI K MOIYIIPOBOJHMUKOBOI CTPYKTYpE C
pa3BuTOil nepudepueit, MOCKOJbKY MPU 3TOM yBEJU-
YMBAETCS TEIJIOOTIA4a B OOKOBBLIX HAIlPaBIICHUSIX.

IToaynpoBOOJHUKOBEIE CTPYKTYphI pacHpencacH-
HOT'O TUIIAa MOTYT OBITh BBHITTOJHEHBI MTPOTSIKEHHBIMU
B BUJE NIPSIMOYTOJIbHUKA WJIM TOHKOT'O KOJIbIIA TOCTa-
TOYHO OoJbIIOTO nuaMeTpa. B padote [1] akcnepu-
MEHTaJIbHO MmoKa3zaHa 3(G(EeKTUBHOCTh MCIIOJIb30Ba-
HUS KoablLeBbIX cTpyKTyp JITT/I Gosbloro auamerpa
JUISL CO3IaHUSI UMITYJIbCHOTO PeXMMa B LIeJISIX ITOBbI-
LLIEHUST YPOBHSI CpeIHE MOIIIHOCTH.

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 4, 2019 247



OMHvecKHH KOHTAKT
Ohmic contact

OMBYecKHH KOHTaKT

Ohmic contact
TennooTBoaA

Heat sink

Puc. 2. Pacnpenenennas CTpyKTypa JABHHHO-NIPOJIETHOTO JHOAA
Fig. 2. Distributed structure of the IMPATT diode

IIpencrapnsercs 1eiecoo0pa3HbIM UCIIOJIb30BaAHUE
aKTUBHBIX TOJYIPOBOIHUKOBBIX CTPYKTYp C pacripe-
JleJISHHBIMU TlapaMeTpaMu ISl CO3AaHUsl YCUIuTeaei
Oeryuieii BOJHbBI B KOPOTKOBOJIHOBOM 4acCTW MUJUIMU-
MeTpOBOTro auanazoHa. OQHOI 13 BO3MOXHOCTEI cO-
3MaHUSI TaKUX YCWIMTENEeH SBJSeTCS MCIIOJb30BaHUE
MPOTSKEHHOTO JITaBUHHOIO p—A-Tiepexofa B IOJy-
MPOBOAHUKOBOW CTpyKType. B cuiay ocobGeHHocTel
JIABUHHOTO Mepexoa MOXXHO TMPEATOJIOXKHUTh, UTO pac-
npeneaeHHbl ycunutenb Ha JITII Oyaer umerhb psia
MPEUMYIIECTB MO0 MOILIHOCTM M paboyeil mosoce Mo
CPaBHEHMIO C YCUJIUTEISIMU HA TMOJAX CO COCPEAOTO-
YeHHBIMU TTapaMeTpaMu.

Takoil ycuiuTeab MOXHO paccMaTpyBaTh KakK Ofl-
HOPOJIHYIO TUIOCKOMapasIeIbHYIO JIMHUIO0, 00pa30BaH-
HYIO IBYMSI TIOJIOCKAMU TMOJYIPOBOAHUKA C AUBJIEKT-
PUKOM MEXIy HUMM B BUAE OOCTHEHHOTrO CJIOs Jia-
BUHHOTO p—n-niepexojga. KOHTaKTbl OJHOBPEMEHHO
cJIyXaT IpOBOJHUKAMU Tiepenaroiieil TuHuu (puc. 2).

IMapameTpbl JMHMU OMpeaessi-
I0TCS U3 YCJIOBUM, IMMPHU KOTOPBIX Jia-
BUHHBIN p—n-TIepexo] UMeeT OTpU-
LaTeJbHOE coIlpoTtuBieHue [2, 3].
st ynpolegHHOTr0 MaJIOCUTHaJb-
HOTO aHaJM3a paclpeneIeHHON -
HUM ee YIOOHO MpeaCTaBUTh SKBU-
BaJICHTHON CXeMOI, colepxKallen
COCPENOTOUYEHHbIE aKTUBHBIE U pe-
aKTUBHBIE 3JIEMEHTHI, KaK IMOKa3aHo
Ha puc. 3. KoMIuiekcHoe conpoTuB-

akTuBHOI oOnactu JIITJI comepXWUT akKTUBHYIO CO-
crapisioulylo G; U peakTuBHyIO jo C. AHanu3 3TOi
CXEMBI TTOKA3bIBaeT, YTO CYIIECTBYIOT pa3yMHbIe 3HA-
YeHUsl 2JEeKTpoDU3MUEeCcKUX MapaMeTpoOB aKTUBHOM
MOJIyITIPOBOJAHUKOBOM CTPYKTYPhI, TIPU KOTOPBIX B JIU-
HUU BO3MOXHO yCUJIEHUE Oerylieil BOJIHBbI.
IlepcriekTUBHOM JTUHUEN AJ1s1 pabOTHI B Teparepuo-
BOM JIMara3oHe SIBJAseTCsl LHUAMHApUYECcKas LieseBast
JHUA (puc. 4). DaeKTpOMarHUTHbIE MOJISl B HEW UMe-
10T KBAa3MCTAllMOHAPHBIN XapakTep C OCHOBHBIM TU-
TIOM 1LIeJIEBOI BOJHBL H ), 4TO OOYCIOBIMBAET €€ LM~
pokomnoyiocHoCThb. [Tonoca pabouyux 4acToT B OJHOMO-
JIOBOM peXMMe MOCTUTAeT IBYX OKTaB IIPU PaCKPBIBE
wenu Q < 20°. C yBennYeHUEM IIUPUHBI LIEIU BOJIHA
MEePEeXOIUT B OIHY U3 BOJIH IUBJIEKTPUUECKOTO BOJHO-
BOZA, a NMpU (PUKCUPOBAHHOM 3HAYECHUM € C YBEJIUYE-
HUEM yTJia pacKpbiBa BO3MOXHO U3JIydeHUE DJIEKTPO-
MarHMTHOHN BOJIHBI B CBOOOIHOE MPOCTPAHCTRO.
KBaszucratnueckuii xapakTep 3J€KTPOMarHUTHbBIX
MnoJyie B LIVMJIMHIPUYECKOUN LIEJIEBON JIMHUU CO30AET
BO3MOXHOCTH [IJIs TIOCTPOEHUSI 3JIEMEHTOB 3JE€KTPOH-
HOI TEXHUKU Ha ee OCHOBE. [10CKOIbKY 3/1IeKTpUUYECKUE
COCTABJISIIOIIME TTOJISI COCPEAOTOUYEHBI B 00JIaCTH 11IEJIH,
a MarHMTHbIE — BHYTPU MOJOCTU JUHUM, pa3MellaTh
nByxajektpoaHble CBY aneMeHThI clieayeT Tak, 4To-
Obl OHM HaXOOWJIMCh B 00OJacTW WEeAu (p—i—n-au-
O7lbl, JIABUHHO-MPOJIETHBIE AUOMAbI, CMECUTEJbHbIE U
JNETEeKTOPHbIE OWOAbI, AMOAbI ['aHHa W 1p.), a HeB3a-
WMHbBIE 3JIEMEHTbI, MPUHLIMIT AEHCTBUS KOTOPBIX CBSI-
3aH C MarHUTHBIM MOJIEM BHYTPU JIMHUM, HEOOXOIUMO
pa3MellaTb BOJIM3M €€ CTeHKU MPOTUB 1UeIu. 3aTyXa-
HYE B UWIMHAPUYECKOW LIEJIEBOM JIMHAUW HA YacTOTE
150...300 I'Tu cocrasasier 0,1...1,0 nb/m [4].
PacimpeHue moyiochl MponyckaHusl 1OCTUTAeTCS B
3€pKaJIbHOM 1LEJIEBON JIMHUU, TIOMEPEYHOE CEUYEHUE
KOTOpOI1 MOKa3aHO Ha puc. 5. 3epKayibHas liejaeBast
JIMHUSI MMHUATIOPHA U IOCTaTOYHO TOJHO 3KpaHUpy-
€T I0JIe, HO BMECTE C TeM o0ecreurBaeT JOCTYM K I0-
JIt0 TUHUU. B KOPOTKOBOJIHOBOM YacTW MUJIIUMETPO-
BOI'O TMana3oHa 3HauYeHue 3aTyXaHUsI COCTaBJISIET OKO-
Jgo 10 n1b/M. BosHOBOe compoTuBiieHVEe 3epKalbHOM

JIEHUE TIOJIyITPOBOJHMKOBBIX IOJIO-
COK JIMHUM TIPEICTaBJICHO WHIYK-
TUBHOCTBIO L; U CONPOTUBJIEHUEM
norepb R;, a noyiHasi NpOBOAUMOCTb
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Puc. 3. OkBuBanentnas cxema JIIIJI ¢ pacnpenenennsivu mapamerpaMu

Fig. 3. The equivalent circuit of IMPATT diode




Puc. 4. Inimuapudyeckas uieieBasi JMHAS
Fig. 4. Cylindrical slot line

RSy

Puc. 5. [Tonepeunoe ceyeHue 3epKajbHO¥ INeJeBOH JTMHHA
Fig. 5. Cross-section of the mirror slot line

1LIEJIEBOI COCTABIISIET IECSITKU OM, UTO 00JieryaeT BKIIIO-
YyeHWe B Hee OUOmIoB [3, 6].

M3BecTHO mMpuUMeHeHUue HEeCMMMETPUUYHON Iese-
Boit muHum (HIILJT), koTopast obpa3yeTcsi MeTaLiu-
YEeCKUMM TTOJTYTIOCKOCTSIMU, HAHECEHHBIMU B pa3HBIX
CJIOSIX TIIOCKOMAPaJIEIbHBIX AMIJIEKTPUUECKUX TTOMI-
Jioxkek. B 3aBUCHMMOCTH OT B3aMMHOTO PaCTOJOXEHUS
MOJYTUIOCKOCTE OTHOCUTEIBHO IPYT APYyTra BO3MOX-
Hbl Monupukauuu HIILJI: nuHuUs ¢ nepekpbITUEM U
JIMHUS 0e3 nepeKphITus (puc. 6).

B HIIIJT oTcyTcTBYET KOHCTPYKTOPCKO-TEXHOJO-
ruyeckass ocoOeHHOCTb, CBSI3aHHAsl C peaju3alueit
y3KUX TPOBOJHMKOB M Ilejeid. DTO IMO3BOJISIET Bbl-
nosHuTh HIJI ¢ mpakThyecku JIt00bIMU 3HAYEHUSIMU
BOJIHOBBIX cornpoTuBieHuit. Kpome Toro, HIIIJT umeet
OOJIBIIYIO IIMPOKOITOJIOCHOCTh U MPOCTYI0O KOHCTPYK-
TUBHYIO pean3aluio 371eKTpoHHbIX CBY KoMMnoHeH-
ToB. KoMOMHaIMsg ¢ HECMMMETPUYHOI ITOJOCKOBOM
quHuenn (HITT) ynpoiuaer BkioueHue B Hee (Mociie-
JIOBaTEJIbHO WM MapaijieIbHO) MOJIYIPOBOIHUKOBBIX
3JIeMeHTOB [7].

MHorue siBIeHUST paclpoOCTpaHEHMST U AU pakuu
BBICOKOYACTOTHBIX TOJICH TIPY IUTMHE BOJIH MeHee 1 MM
XOpOIIIO OMMCHIBAIOTCSI B TEPMUHAX JIy4EBOIO Tpel-
cTaBJicHMS. B OCHOBE TaKOro OIMMCaHMS JIEXKUT KBa3U-
ontuyeckuii moaxon. CylIHOCTb €ro 3akjryaeTcs B

TOM, YTO TI0JIE B BOJTHOBOZE TPEICTABJISIETCS B BUJIE
JBYX TepeceKalolnXcsl MJIOCKUX BOJHOBBIX (PPOHTOB
(TLUIOCKUX BOJIH), M pacCMaTpUBaeTCs pa3aebHOe BO3-
OyXIleHUEe KaxkKJ0il BOJHON Yepe3 HEeKOTOpYIo amep-
Typy WIA Ha HEOTHOPOMHOCTH. IlpemmonaraeTcs, 4To
MyTh pacnpocTpaHeHusi (POHTOB IJIOCKUMX BOJH B
3TOI 00JaCTH OIpeAeIISIeTCS 3aKOHAMU TeOMEeTPHUIeC-
KO onTuku. PesynbTupyloliee mosie mojydyaercs M3
peleHnsT 3amady BO30YXKICHHUSI BOJTHOBOAA TIPHM 3a-
JAHHOM pacrpelejeHUu Mo B annapatype [8].

Yuensimu MPD HAH VYkpaunsl (r. XapbKoB)
BIlepBble Oblja MpejioXeHa U peajn3oBaHa 0a3oBas
KBa3MONTUYECcKas JMHUS Tepenayd [9]. Dxcrepu-
MEHTaJIbHO UCCJIeI0BaHbl XapaKTePUCTUKHU BOJTHOBOTO
Iy4Ka ¢ OCHOBHOM MOJI0# Konebanuit HE|| u co3naH
KOMIIJIEKT KBa3UOINTUYECKUX MPUOOPOB: aTTEHIOATO-
PBbI, BOJTHOMEDBI, (hazoBpaliaTesu, Nojsipu3aTopbl, BO3-
OyauTtenu KoJjiebaHuii, TpaHcopMaTOophl AUamMeTpa
Jyya. KBasnonTuyeckuii Jy4eBo, CO3AaHHBIN Ha OC-
HOBE TIOJIOr0 IMBJIeKTPUUYECKOTO BOJHOBOAA, UMEET
psll IOCTOMHCTB: €r0 OCHOBHad mozxa HE|, — momne-
peUYHO-3JIeKTpUUecKasl, JUHEMHO MOJSIpU30BaHHAasI, C
aCUMMETPUYHBIM  KOJIOKOJIOOOpa3HbIM pacrpenese-
HUEM aMIUIUTYA.

AHajiu3 MMIIEIaHCHBIX aMIUIMTYAHO-4aCTOTHBIX
XapaKTEePUCTUK TBEPAOTEIbHBIX TEHEPATOPOB B KOPOT-
koBoJiHOBo# yactu CBY nuamnaszoHa nmokasbiBaeT, 4To
A0COJIIOTHBIE 3HAUYEHMSI OTPULIATENIBHOTO COMPOTUB-
JIEHUST TIOJYNPOBOAHUKOBBIX THOIOB |—Rg| COCTaBJIsI-
10T 1...5 OM. B ¢BsI3U ¢ 3TUM TIpU HETIOCPEICTBEHHOM
BKJIIOUEHUU OMOJA B BBICOKOYACTOTHYIO LI€Ib C Ha-
Irpy3KOM, paBHOX BOJHOBOMY COIIPOTUBJICHUIO JIMHUU
nepenaun W,, kosdpduumeHnt tpanchopmaumu K ak-
TUBHOM COCTaBJISIIOLIEH MMIenaHca Harpy3ku R moi-
>K€H COCTaBJISITh:

Puc. 6. HecummeTpnunas meJieBasi JMHAS C MEPEKPbITHEM
Fig. 6. Asymmetrical slot line with overlapping
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Puc. 7. Koncrpykums kopmyca JITIJT
Fig. 7. IMPATT diode case design

A

BN

Puc. 8. Koncrpykuus renepatopa na JIITJL
Fig. 8. Design of an IMPATT generator

IIUIST BOJTHOBOIOB CTAHIAPTHOTO CEYEHUS] KOAKCHUAJb-
HbBIX Y TTOJIOCKOBBIX TIUHUIA. [Tpu 9TOM MOJIHbBIE MOTEpU
B TpaHchOpMaTOpax TOKHBI OBITh MUHNUMAJIbLHBIMH.

MmMeHHO obecrnieyeHre BHICOKUX KO3Gh(GULIMEHTOB
TpaHcopMalMd HMIIEJAaHCOB IMOIHBIX CTPYKTYp
npu BKIouyeHur ux B uenu CBY u npeacrasisieT co-
00i1 OCHOBHYIO OCOOEHHOCTh 1M TPYAHOCTb MPU IOC-
TPOEHUU BBICOKOYACTOTHBIX aCUMMTOT 3(PPEKTHUB-
HBIX T€HEepaTOpOB M YCWJIUTEJel ¢ MUHMMAaJbHBIMU
9HepreTMyeckuMu rmorepsimu. Ilpu atom Haubosee
Lejaecoobpa3Ho obecrneyuTh TpaHCGhOpMalUio B He-
MOCPEACTBEHHON OJM30CTU K MOJYNPOBOJHUKOBON
CTPYKTYpe.

B xauectBe TpaHCchoOpMaTOpa UMIEIAHCOB YI0OOHO
KCIIOJIb30BaTh PaJAuaIbHYIO JIUHUIO. DTa JUHUS o0Opa-
30BaHa JOBYMS MapauleIbHBIMM METaTMIECKUMU
TUTOCKOCTSIMU, MEXIY KOTOPbIMU PaCIOJIOXKeHa aK-
TUBHAas TTOJIYIIPOBOIHUKOBAs CTpyKTypa. Pacmpoctpa-
HEHUE BOJIHBI MTPOMCXOAUT B paauaibHbIX HaIpabe-
HUSIX OT MECTa BO30YXIECHMSI. DIEKTPUUYECKOE I10JIe
9TOI BOJIHBI HAIMPaBJEHO MEePNEHAUKYISIPHO K MeTa-
JIMYECKUM TUIOCKOCTSIM U HEe MMEeT Bapualviii B 3TOM
HamnpaBJeHUU U O a3uMyTy. BricokoYyacToTHOE Mar-
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HUTHOE I10JIe UMeeT (OpMY KOHLIEHTPUIECKUX OKPYK-
HOCTEM.

IIpuMeHeHue paauaibHOW JWHUU JUIST CO3MAHUS
MOJYITPOBOAHMUKOBBIX YCTPOMCTB IMO3BOJISIET UCIOJb-
30BaTh KOPIyCUpOBaHHbIE AMOJbI. B KayecTBe Kopryca
1IeJIeco00pa3HO MPUMEHSTh YaCOBBIE PYOMHOBBIC BTYJI-
ku [10—12], umeroliiye npuemMaeMbie pa3Mepbl CTEHOK
JJIs1 TpaHC(OpMalLIMY UMIIEIaHCOB B MUJUTUMETPOBOM
mmarrazoHe. Tak, B odmacti yactot 120...180 I'T'y oo
coanaHusi reHepatopoB Ha JITII ncnonb3yoT pyouHo-
BBI€ BTYJIKM C BHEIITHUM auaMeTpom 0,4 MM 1 BBICOTOM
0,15 mm.

Pe3oHaHcHast TpaHchopMalLMsg UMIIEJAaHCA TMOJIY-
MPOBOAHUKOBOI CTPYKTYphl OKa3biBaeTcs 3(hQeK-
TUBHOW NpPU CO3JaHUM TEHEPATOPOB, YCUJIUTENIEH,
YMHOXUTENIEH, TPUMEHSIONINX aKTUBHBIE 3JIEMEHTHI
JIIOOBIX TUIIOB, Y KOTOPBIX MaKCUMaJIbHasi MOIIHOCTh
JIOCTUTAETCS IIPA MOAYJIE OTPUIIATEIBHOTO COIIPO-
TUBJICHUSI, COU3MEPUMOTI0 C CONIPOTUBIICHUEM MOTEPh
BHemHei CBY nernm.

B ucrounukax CBY MoluHocTH HeobXonumMo obec-
MEeYUTh oAUy MUTAHUS HA aKTUBHbIN 31eMeHT. Kom-
MOHEHTHI MOJAYM MUTAHUS BHOCST JOIOJHUTEIbHbIC
peaKTUBHBIE COIMPOTUBJICHUS B 3JIEKTPOAMHAMUYEC-
KYI0 KOHCTPYKIUIO YCTPOMCTBA, YCIOXHSIOT 3agauy
COTJIACOBaHMSI MMIIeaHCa aKTMBHOTO 2JIEMEHTA C M-
MeJaHCOM JIMHUY TIepeIaun.

Ha puc. 7 mpeacraBieHa KOHCTPYKLMS KOpITyca
JI10Ja, 00EeCIIeUNBAOIIEI0 Pean3alnio YIIPOILIEHHO-
ro crmocoba coryiacoBaHus uMmIiegancon. Juon [ co-
JEPKUT TIOJYIIPOBOAHUKOBYIO CTPYKTYPY U IOUDJIEKT-
PUUECKYIO BTYJIKY, CMOHTHPOBAHHYIO TEPMOKOMIIpEC-
cHeil Ha MeTaJUIMYECKOM OCHOBaHUU (TeIJIOOTBOAE) 2
(cM. puc. 8, b). DIeKTpUUECKUI1 KOHTAKT C KPBILIKOM
KOpIIyca BBINOJHSETCS C IMOMOIIBIO BBOAA IMTaHUS,
COCTOSIIIIETO M3 TOHKOTO METAJNIMYECKOTO INTHIPS 3,
M30JIMPOBAaHHOIO OT OCHOBaHMSI KOpITyca M pacIiojio-
KEHHOT'0 MapaJijIeJIbHO OCU JUAJIEKTPUUECKOM BTYIKHU
U OTCTOSIILIETO OT Hee Ha paccTtossHuu A/8. Kpolika u
OCHOBaHHE KOpIIyca 00pa3yloT paauvaibHbIil pe30Ha-
Top. MeTajimyecKnii MPOBOAHUK TMPEACTABISET CO-
00l1 MHOYKTUBHYIO HArpy3Ky, peaKTUBHOE COIpPOTUB-
JIeHHE KOTOPOl CYLIECTBEHHO OOJIblIe BOJTHOBOTO CO-
MPOTUBJICHUS paaualibHOro pe3oHaropa. [ToaTomy oH
He OKa3bIBaeT IIYHTUPYIOIIETO BO3IEICTBUSI HA paau-
aJIbHBIN PE30HATOP U TTO3BOJISIET 00ECIIEUNTh Pa3BSA3KY
nutanuda nuona ot CBY uenu. B nensax nckinodyeHusa
KOJIeO0aHMWIA B LIETIM MUTAHUS IMOAA BKJIIOUYEH paciipe-
JIeJICHHBIN TTOMIOTUTENh 4. Hanmnmuue BBO#A MUTaHUS B
OCHOBaHUM JUOJA TTO3BOJISIET PACHOIIOXUTh JIEMEHThI
KOpITyca aCCUMETPUYHO OTHOCUTEJIBHO OCU €TI0 OCHO-
BaHMSI, YTO JAeT BO3MOXHOCTH JIETKO COTIJIACOBHIBATh
UMIIeJAaHC AMOAA C MMIIEAAHCOM JIMHUM Tepedayu B
JIOCTaTOYHO LIMPOKOM AMana3oHe 4acTOT IyTeM Bpa-
LLIEHNUS OCHOBAHUSI C KOPITYCOM BOKPYT CBOEI OCH.




Puc. 9. Koncrpykuusa IJITIA: 7 — JITI[l; 2 — BOJTHOBOAHBIN KaHaT;
3 — BbIBOJ NMUTaHUsI; 4 — pe30HAHCHAasl KaMepa; 5 — KOpPOTKO3a-
MKHYTBIH MOpIlieHb, 6 — duanew, cogepxauiuit JITI; 7 — BoiaHO-
BOJIHBIN KOpITyC

Fig. 9. IMPATT generator design: 1 — IMPATT diode; 2 — waveguide
channel; 3 — power outlet; 4 — resonance camera; 5 — short-circuited
piston; 6 — flange containing IMPATT diode; 7 — waveguide case

Puc. 10. ®nanen, conepxamuii JITI: / — JITT1; 2— BoIHOBOIHBII
KaHaJ; 3 — BBIBOJ NTUTaHUS

Fig. 10. The flange containing IMPATT diode: 1 — IMPATT diode; 2 —
waveguide channel; 3 — power outlet

ITpumepoM HCIOIB30BaHMSI TAKOTO KOpIlyca CIy-
KuT reHepartop Ha JITTJ (TJITIO). Metaniuueckoe
OCHOBaHME C JMOAOM BCTaBJsIETCS B OTBEPCTUE BOJI-
HOBOJHOW KOHCTPYKLMU NEPIEHANKYJISIPHO LIUPOKOM
CTEHKM BOJIHOBOJAA, KaK IToOKa3aHO Ha puc. 8. Ha-
CTPOIKY reHepaTopa Ha 3aJaHHYIO YAaCTOTY BBINOJIHSI -
10T TTyTeM TepeMelleHUs] METAUIMYECKOTO OCHOBaHUS
C IMOJIOM BJIOJIb €TI0 OCH, a COTJIaCOBaHME UMIIEHIaHCca
JMofa ¢ Harpy3koii — MOBOPOTOM OCHOBAHMSI BOKPYT
TOM K€ OCH.

B o6nactu ywacrot 120...180 I'Tu (ceueHue BOSHO-
Boga 0,8 X 1,6 MM) AuaMeTp OCHOBaHMsI, ColepKalle-
ro JITTM, cocraBisger 3 MM. DHepreTMuecKrle 1 4acTo-
THBIE XapaKTEePUCTUKHY FreHepaTopa ¢ UCIOJIb30BaHEeM
npeaiaraeMoil KoHcTpykuuu kopiryca JIITI He xyxe
XapaKTEePUCTUK T'€HEePaTOpPOB, UCTOJb3YIOLIUX BOJHO-

BOJHO-KOAKCUaNbHbIN niepexon (P, ~ 20...40 MBT),
HO KOHCTPYKIIUSI yIOOHEe COMpsIraeTcsi Co CTabMIU3U-
PYIOIIMM PEe30HATOPOM OTPaKaTeJIbHOIO THUIIA.

KoHcTpykuusi reHepaTopa, MpeacTaBieHHas Ha
puc. 9, obecrneuynBaeT AOCTHXKEHUE 0OoJiee BbICOKHX
SHEPreTUYECKUX XapakTepucTuk. KoHCTpykuusi co-
CTOUT M3 IBYX MaJIOTabapUTHBIX BCTABOK — BOJTHOBOJI -
HBIX (Dy1aHLIEB, COEAMHEHHBIX MEXaHUYECKUM CIIOCO-
6oM. Ha Ttopiie omHoro u3 ¢jiaHiieB MOHTUPYETCSI KOp-
nycHoi JITII / Ha paccTosiHUM [ OT BOJHOBOJHOIO
kaHana 2. Kak mokazaHo Ha puc. 10, paccrosiHue /
MEXXJ1y OCSIMU BOJTHOBOJA M AUBJIEKTPUUECKON BTYJIKU
KOpIIyca BBIOMpPAETCS M3 COOTHOIIEHMS:

h=b sy ’%’,

rae A — MUHUMAaJbHas JIJMHA BOJHBLI B pabouem
nvana3oHe; b — BBICOTAa BOJTHOBOAA; d — BHEIIHUIA
JUaMeTp IUBJIEKTPUUYECKOM BTYJIKU KopIyca.

Ha puc. 10 ¢naneu, comepxawmii JITT/, mpuco-
eIUHSIETCS] K KOPIYCY 7, COCTOSIIIEMY U3 BOJHOBOJHO-
ro KaHaja 2 M pe30HaHCHO# monoctn 4 (cM. puc. 9).
ITutanue Ha JITIJ momaeTcs 1Mo MeTaJLIMYECKOM IMo-
JIoOCKe 3, M30JMPOBAHHOW OT KOpITyca BOJHOBOAA C
MOMOIIBIO TUBJIEKTpUUYECKUX Mpokaanok. Hacrpoiiky
IMOTHOI KaMephl Ha YaCTOTY BBITIOJHSIET KOPOTKO3a-
MKHYTBIN TiopiieHb 5. Ca3b JIIIJ ¢ nuHuei mnepe-
Jayy OCYUIECTBJISIETCS TMOCPEICTBOM METALTUYECKOM
MOJIOCKM, PACIIOJIOKEHHOM B MAKCUMYME JIEKTPpUYEC-
KOro ToJIsl.

ITpy KOHCTpyMpOBaHUM KBa3UOMNTUUYECKUX YCT-
POMCTB IJIaBHOM MPOOJEMON SIBJISIETCSI COIVIaCOBaHUE
MOJYIPOBOAHUKOBOI CTPYKTYPHI (1M01a) C BOJTHOBO/I -
HBIM TpakToM. I1OCKONBKY 3JIeKTpOMarHMTHas BOJIHA
pacnpocTpaHseTcsl B JydeBoJe B BUIE MyyKa C OIlpe-
JeJeHHBIM CEYEeHHEM, HeOOXOMUMBI DJIEMEHThI, KOH-
LIEHTPUPYIOLLIKE 3JEKTPUUYECKOE TMOJie B MajloM O0b-
eMe MOoJIyITpOBOAHUKOBOro auoaa [13].

OO01eil 0COOEHHOCThIO KBAa3MOMTUYECKUX JIMHUIA
nepenay SIBISETCS TO, YTO UX ITOTMEpPEYHBbIN pa3Mmep
0oJIbllIe JUTMHBI BOJHBI. DTO OTKPBHIBAET BO3MOXHOCTh
JUTST pa3MellieHUsI B pe3oHaTope OOJIbIIOro YyKcia Mo-
JIYITPOBOAHMKOBBIX 3JIEMEHTOB B BUJI€ MaTPULL UJIN pe-
LIETOK, YTO MO3BOJISIET CO3/1aBaTh T€HEPATOPhI CO CIO-
JKeHMEM MOILLIHOCTE MHOTUX UCTOUYHUKOB.

IIpenmyilecTBO OTKPBITHIX PE30HATOPOB — MX BbI-
cokasi JOOpOTHOCTb U YAOOHbBIE /1Sl pabOThI pa3Mephl,
TO3TOMY OHU HCTOJIb3YIOTCS B Y3KOTOJIOCHBIX TeHEepa-
Topax Ha nuogax I'anna u JIIT/] ¢ BEICOKOI cTaOMIIb-
HocThiO [13].
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Waveguide lines and interface elements

The main requirements to the waveguide energy
transmission lines are a uniform frequency and the lin-
ear phase characteristics, the minimal attenuation per
an unit of length and the maximal levels of the trans-
ferred power.

In the submillimeter range of the radio waves, main-
ly, the following transmission lines find their applica-
tions:

o metal hollow waveguides with the main type of the
wave propagating within them and the waveguides
with an increased cross-section (multiwave);

o metal-dielectric waveguides;

e quasioptical beam guides.

The metal single-wave guides are most widespread
in the millimeter range. After transition into the short-
wave part of the range (A ~ 1 mm), the properties of the
waveguides worsen considerably. First of all, we should
point out a rapid increase of the linear losses in the
process of shortening of a wavelength. Big losses and
strict requirements to manufacturing and junction of
the waveguides create problems for transmission of
energy even at small distances. In the range of the wave-
lengths of 2...0.5 mm short sections of the waveguides
are used with the cross-sections of 0.8 X 1.6 mm
(=2 mm), 0.7 X 0.35 mm (A = 0.9 mm), and
0.48 x 0.24 (. = 0.6 mm) for creation of the elements
for electronic technologies: detectors, mixers, auto-
generators, p—i—n-modulators, activators, etc.

An increase of the internal dimensions of a
waveguide allows us to reduce the attenuation and in-
crease the available level of power. Notwithstanding a
small attenuation, the use of such waveguides is limited
by the fact that there can be a big number of oscillations
of the highest types in them. In a strong multiwave
mode the energy of the working wave can be trans-
formed on the nonuniformity of the path into the waves
of the non-working types.

The multiwave mode would not present a big dan-
ger, if a transmission line had a self-filtration property.
Unfortunately, the metal waveguides have no such
property. In such waveguides, a big number of parasitic
waves have practically the same attenuation as the main
wave, while the artificial methods against the parasitic
waves are inefficient.

However, in the waveguides of a round cross-sec-
tion, there is a class of the waves having the properties,
which distinguish them sharply from all the variety of
the waves, which can exist in the hollow waveguides. It
was theoretically and experimentally proved, that with
the growth of the frequency the attenuation of wave Hj,
decreases without limit. An essential problem with the
use of wave H,, in the terahertz range is the losses dur-
ing excitation, because many sources of oscillations
have an output waveguide of a rectangular cross-section

of increased sizes. For a pure excitation of wave Hy,,
first of all, it is necessary to single out wave H; in a rec-
tangular waveguide, and then via a special device of a
complex configuration excite wave Hj; in a round
waveguide.

Application of the round waveguides excited on wave
H,, is especially attractive in the short-wave part of the
millimeter waveband on frequencies of 50...150 GHz.
Transmission wave losses are within 1...2 dB/km, which
meet the requirements to the broadband telecommuni-
cation systems.

The transmitting line, which got the name of
H-shaped metal-dielectric waveguide (fig. 1), has inter-
esting properties.

The structure of the magnetic field in the H-shaped
waveguide of LM, type by its structure is similar to the
field in a rectangular waveguide at the wave of H(y; type.
This circumstance facilitates excitation of a metal-die-
lectric waveguide by means of a smooth transition from
a standard rectangular waveguide. Because of the ab-
sence of the limit currents, any narrow cross-slot does
not cause energy radiation, which facilitates a joining
between the corresponding metal contacts.

The wave of LM, type has the properties, related to
H,, wave in a round waveguide. The losses in the walls
of the H-shaped waveguide monotonously fall with the
growth of the frequency. The total attenuation of the
H-shaped waveguide with an account of the losses in a
dielectric can be less, than that of a standard rectangular
waveguide. The cross sizes of the H-shaped waveguide
are more than those of the standard waveguides in this
range, which is also its advantage. Therefore, the con-
sidered type of a waveguide is of interest for its use in
the short-wave part of the millimeter range.

On the basis of the H-shaped metal-dielectric
waveguide, it is possible to develop a semiconductor
amplifier. As it was mentioned earlier, an important
limiting factor for increasing of the level of the output
power of the diode generators on IMPATT diodes is the
thermal mode, forcing to use the working densities of
the currents below the optimal ones for obtaining of
high power. The increase of the input power can be
reached during the reduction of the thermal resistance
of R,,. One of the known ways to reduce the thermal re-
sistance is the transition to a semiconductor structure
with a developed periphery because at the same time
the heat emission in the side directions is increased.

The semiconductor structures of the distributed type
can be made as extended ones, in a rectangle form or
in the form of a thin ring of a rather big diameter. The
work proved [1] experimentally the efficiency of the use
of the ring IMPATT structures of big diameter for the
creation of a pulse mode and increasing of the level of
the average power.

It seems expedient to use active semiconductor
structures with the distributed parameters for creation
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of the amplifiers of a running wave in the short-wave
part of the millimeter range. One of the opportunities
for the creation of such amplifiers is the use of extended
IMPATT p—n-junction in a semiconductor structure.
Owing to the specific features of the IMPATT junction
it is possible to assume that the distributed amplifier on
IMPATT diode will have a number of advantages in
power and in the working band in comparison with the
amplifiers on diodes with the concentrated parameters.

Such an amplifier can be considered as a uniform
plane-parallel line formed by two strips of a semicon-
ductor with a dielectric between them in the form of an
impoverished layer of IMPATT p—n-junction. The
contacts simultaneously serve as conductors of the
transmitting line (fig. 2).

The parameters of the line are determined by the
conditions under which the IMPATT p—n junction has
negative resistance [2, 3]. For a simplified small-signal
analysis of the distributed line, it is convenient to
present it as an equivalent circuit containing concen-
trated active and reactive elements as shown in fig. 3.
The complex resistance of the semiconductor strips of
the line is presented by inductance L; and resistance of
losses R;, while admittance of the IMPATT active area
contains active component G; and reactive component
JoCy. Analysis of this circuit shows that there are rea-
sonable values of the electrophysical parameters of the
active semiconductor structure, at which amplification
of the running wave in the line is possible.

A promising line for the work in the terahertz range
is the cylindrical slot line (fig. 4). The electromagnetic
fields in it have a quasistationary character with the
main type of a slotted wave H,,, which determines its
broadband. The band of the working frequencies in the
single-mode mode reaches two octaves at Q < 20° slot
openness. With an increase of the width of the slot, the
wave passes into one of the waves of the dielectric
waveguide, while at the fixed value of ¢ with an increase
of the angle of openness the radiation of the electro-
magnetic wave into the free space is possible.

The quasistatic character of electromagnetic fields
in the cylindrical slot line creates opportunities for de-
velopment of the elements of the electronic technolo-
gies on its basis. Since the electric components of the
field are concentrated in the area of the slot, while the
magnetic ones are in the line’s cavity, it is necessary
to arrange the two-electrode microwave elements so
that they would be in the slot area (p—i—n-diodes,
IMPATT diodes, mixing and detector diodes, Gunn
diodes, etc.), and the non-mutual elements, the prin-
ciple of operation of which is connected with the mag-
netic field inside the line, should be placed near its
wall, against the slot. Attenuation in the cylindrical
slot line at the frequencies of 150...300 GHz equals to
0.1...1.0 dB/m [4].
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Expansion of the bandwidth is reached in the mirror
slot line, the cross-section of which is shown in fig. 5.
The mirror slot line is tiny and shields the field rather
fully, but at the same time provides access to the field
of the line. In the short-wave part of the millimeter
range, the value of attenuation is about 10 dB/m. The
wave resistance of the mirror slot line is tens of ohms,
which facilitates the inclusion of diodes into it [5, 6].

Application of the asymmetrical slot line (ASL),
which is formed by the metal half-planes deposited in
different layers of the plane-parallel dielectric sub-
strates, is known. Depending on the relative positioning
of the half-planes in relation to each other, the modi-
fications of ASL are possible: a line with overlapping
and a line without overlapping (fig. 6).

In ASL there is no design-technology feature con-
nected with the realization of the narrow conductors
and slots. This allows us to manufacture ASL with al-
most any values of the wave resistance. Besides, ASL
has big broadband and simple design realization of the
electronic microwave components. The combination
with the asymmetrical strip line (AStL) simplifies in-
clusion (consistent or parallel) of the semiconductor el-
ements into it [7].

Many phenomena of the propagation and diffrac-
tion of the high-frequency fields with the wavelengths
less than 1 mm are well described in terms of the beam
presentation. At the cornerstone of such a description
is a quasioptical approach. Its essence is that the field
in a waveguide is presented in the form of two crossed
flat wave fronts (flat waves), and each wave considers
separate excitation through a certain aperture or on a
heterogeneity. It is assumed that the way of propagation
of the fronts of the flat waves in this area is defined by
the laws of the geometrical optics. The resulting field is
obtained from solving the problem of excitation of a
waveguide at the set distribution of the field in the
equipment [8].

Researchers from IRE NASU (Kharkov) for the first
time offered and realized a basic quasioptical transmis-
sion line [9]. Characteristics of the wave bean with the
main mode of oscillations of HE|| were experimentally
investigated, and a set of the quasioptical devices was
created: attenuators, wavemeters, phase shifters, polar-
izers, activators of oscillations, transformers of the
beam diameter. The quasioptical beamguide, developed
on the basis of a hollow dielectric waveguide, has a
number of advantages: its main mode HE;; is cross-
electric, linearly polarized, with the asymmetric bell-
shaped distribution of the amplitudes.

An analysis of the impedance amplitude-frequency
characteristics of the solid-state generators in the short-
wave part of the microwave range shows that the abso-
lute values of the negative resistance of the semicon-
ductor diodes [~R,| equal to 1..5 Q. In this regard,
when a diode is directly engaged in a high-frequency




circuit with a load equal to the wave resistance of the
transmission line of W, the transformation coefficient
K of the active component of the impedance of load R
should be:

WO

R

K= > 20...100,

for the wave guides of a standard cross-section of the
coaxial and strip lines. At the same time, the total losses
in the transformers should be minimal.

Exactly provision of high coefficients of the trans-
formation of impedances of the diode structures, when
they are engaged in the microwave circuits, presents the
main feature and problem in the construction of high-
frequency asymptotes of the effective generators and
amplifiers with the minimal energy losses. At that, it is
most expedient to ensure the transformation in close
proximity to the semiconductor structure.

As the transformer of impedances, it is convenient
to use a radial line. This line is formed by two parallel
metal planes, between which the active semiconductor
structure is located. The wave propagation happens in
the radial directions from the place of the excitation.
The electric field of this wave is directed perpendicu-
larly to the metal planes and has no variations in this di-
rection also by the azimuth. The high-frequency mag-
netic field has the form of the concentric circles.

Application of the radial line for the creation of the
semiconductor devices allows us to use the packaged
diodes. As the case, it is expedient to use the clock ru-
by bushes [10—12] having the acceptable sizes of the
walls for the transformation of the impedances in the
millimeter range. Thus, in the field of frequencies of
120...180 GHz for the creation of the generators on
IMPATT diode the ruby bushes are used with the ex-
ternal diameter of 0.4 mm and height of 0.15 mm.

The resonant transformation of the impedance of a
semiconductor structure appears to be effective for cre-
ation of the generators, amplifiers, and multipliers ap-
plying active elements of all types, the maximal power
of which is reached at the module of the negative re-
sistance, commensurable with the resistance of the loss-
es of the external microwave circuit.

In the microwave sources of power, it is necessary to
ensure the power supply to the active element. The
power supply components introduce additional reactive
resistances into the electrodynamic design of a device
and complicate the problem of coordination of the im-
pedance of the active element with the impedance of
the transmission line.

Fig. 7 presents the design of the diode case ensuring
the realization of a simplified method of coordination
of the impedances. Diode / contains a semiconductor
structure and a dielectric bush mounted by thermal
compression on a metal basis (heat sink) 2 (fig. 8, b).

The electric contact with the cover of the case is carried
out by means of introduction of power consisting of the
thin metal probe 3 insulated from the basis of the case
and located in parallel to the axis of the dielectric bush
at the distance of A/8 from it. The cover and the basis
of the case form the radial resonator. The metal con-
ductor is an inductive load, the reactive resistance of
which is significantly higher than the wave resistance of
the radial resonator. Therefore, it does not render a
shunting impact on the radial resonator and allows us
to disconnect the power supply of the diode from the
microwave circuit. In order to exclude oscillations in
the power-supply circuits of the diode, the distributed
absorber 4is included. Availability of the input of power
in the basis of the diode allows us to arrange the case
elements asymmetrically in relation to the axis of its ba-
sis, which makes it possible to coordinate easily the di-
ode’s impedance with the impedance of the transmis-
sion line in rather wide range of frequencies by rotation
of the basis with the case around its pivot-center.

An example of the use of such a case is the generator
on IMPATT diode. The metal basis with the diode is
inserted into the opening of the waveguide design per-
pendicularly to the wide wall of the waveguide, as
shown in fig. 8. Tuning of the generator to the set fre-
quency is performed by movement of the metal basis
with the diode along its axis, while coordination of the
impedance of the diode with the load — by turning of
the basis around the same axis.

In the range of frequencies of 120...180 GHz (the
cross-section of the waveguide is 0.8 X 1.6 mm) the di-
ameter of the basis containing IMPATT diode is 3 mm.
The power and frequency characteristics of the gener-
ator with the use of the proposed design of the IMPATT
diode case are not worse than the characteristics of the
generators using the waveguide-coaxial transition
(Pyx = 20...40 mW), but the design is more conven-
iently interfaced with the stabilizing resonator of the re-
flective type.

The generator design presented in fig. 9 ensures
achievement of higher power characteristics. The de-
sign consists of two small-sized inserts — the waveguide
flanges connected mechanically. At an end face of one
of the flanges, the packaged IMPATT diode I is
mounted at distance / from the waveguide channel 2.
As is shown in fig. 10, the distance / between the axes
of the waveguide and the dielectric bush of the case is
selected out of the following correlation:

Ab
2

> [> M ,
2

where L — the minimal wavelength in the working

range; b — waveguide height; d — external diameter of

the dielectric bush of the case.
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In fig.10 the flange containing IMPATT dide is con-
nected to case 7 consisting of the waveguide channel 2
and resonant cavity 4. Power to IMPATT diode is sup-
plied via metal strip 3 insulated from the waveguide
case by means of the dielectric paddings. The short-
circuited piston 5 tunes the diode camera to the fre-
quency. Communication of IMPATT diode with the
transmission line is carried out by means of a metal strip
located in the maximum of the electric field.

During designing of the quasioptical devices, the
main problem is coordination of the semiconductor
structure (diode) with the waveguide path. Since an
electromagnetic wave propagates in the beamguide in
the form of a beam with a certain cross-section, the el-
ements are necessary for the concentration of the elec-
tric field in the small volume of the semiconductor di-
ode [13].

A common feature of the quasioptical transmission
lines is that their cross size is more than the wavelength.
This opens an opportunity for placement in the reso-
nator of a large number of the semiconductor elements
in the form of matrixes or lattices, which allows us to
create generators with a sum total of the capacities from
many sources.

The advantages of the open resonators are their high
good quality and the sizes, convenient for operation,
therefore, they are used in the narrow — band genera-
tors on Hanna diodes and IMPATT diode with high
stability [13].
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C INTAHAPHO-TOPHEBBIMU KATOJAMMN»

V. K. Smolin
«PRINCIPLES OF EXECUTION OF VACUUM MICRO-TRIODES WITH PLANAR-END CATHODES»
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Punec. 1. Bapnantsl erpykryp NVC —1pan3ncropa: !
a — 1 — mojytokKa; 2 — yIpaB/IAIOMAi JIEKTPON; 3 — H30JMPYIOMHALL ¢I0fl; 4 — KOJUICKTOp; 5 — SMHTTED;
b — 1 —mommokka; 2 — A30/MAPYIONHiL ¢/10ff; 3 — HepBHil YIpaBLoNmil JIeKTPo; 4 — KOJUICKTOD;
5 — BTOpOIii yIpaB/LIIOMA WICKTPOa; 6 — KOJUIEKTOP

Fig. 1. Versions of the structures of the NVC transistor:
a — 1 — substrate; 2 - control electrode; 3 — insulating layer; 4 — collector; 5 — emitter;
b — 1 — substrate; 2 - insulating layer; 3 — the first control electrode; 4 — collector;
S5 — the second control electrode; 6 — collector

Puc. 2. Crpykrypa BakyyMHOro Tpansucropa ¢ karonoM Cummjra:
1 — monoKKa; 2 — M30HPYIONHIA CJTOM; 3 -— yIPaB/LIONHI JIEKTPol; 4 — KOJUIEKTOp; 5 — SMATTEP

Fig. 2. Structure of the vacuum transistor with Spindt cathode:
1 — substrate; 2 — insulating layer; 3 — control electrode; 4 — collector; 5 — emitter
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Puec. 3.Crpykrypa BaKyyMHOro MEKPO/IEKTPOHHOIO pHGOpa:
1 — monoKKa; 2 — aHOJMHKIH CJIOH; 3 — H30MHPYIONIHI CJTOM; 4 — SMACCHOHHBIH KaTOT;
5 — 3aTBOp; 6 - IICHKA M3 MaTEPHAIIA KATOMIA
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Fig.3. Structure of a vacuum microelectronic device:
1 — substrate; 2 — anode layer; 3 — insulating layer; 4 — field cathode; 5 — gate; 6 — film from the cathode material
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Puc. 4. Crpykrypa BakyyMHOIO ILTaHAPHO-TOPIIEBOI 0 MAKPOTPHOa YeTpoiicTBa oTobpaskeHns HH(OPMAIHN:
1 — HOWI0KKa; 2 — MOJIOCKOBBIH 9IEKTPON; 3 — THAICKTPHYCCKAH C/I0H; 4 — KATOMHBIH MOIOCKOBBIH 3JIEKTPOIT;
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Fig4. Structure of the vacuum planar-end microtriode of a display unit:
1 — substrate; 2 — band electrode; 3 — dielectric layer; 4 — cathode band electrode;
5 — dielectric layer; 6 — luminiferous covering; 7 — control electrode;
8 — edge of the control electrode; 9 — teeth of the emitter
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