'eHepayusi u ycuneHue MOWHbIX
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Superradiance in quantum electronics

-
Grain model (R.H.Dicke, 1954)

sample of exéited atoms
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Extended model (J.C.MacGillivray, M.S.Feld, N.Scribanowitz, A.V.Andreev,...)
Tsr <13 . L
Single SR pulse radiation: |\ << b <1 ¢
b>>\ R
e \ / (Im (:))_1 cooperative length
with =C -
HF gas \?NW- ¢
T T T It /s the distance that the radiation propagates
along the sample of inverted atoms for the
Pump

time of instability growth-up 2




lenepaymns n pacrpocrpaHeHme y/ibTPaKoOpPOTKNX CBETOBbIX UMITY/IbCOB B
PE30HaHCHbIX cpegax

T putse <Th,2 Ty, - Bpemera penakcauym

\
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/ | | I | CaMonKHAyLINPOBAaHHAS TPO3PAYHOCTb U
KOMIIPECCUS Y PACTIPOCTPAHEHUHN

CBepxuz/iydermne ke
VYIIbTPaKOPOTKUX UMITY/IbCOB B

Yeunerne u koMrpeccus ysibTPaKopOTKUX UMITY/IbCOB ZZgZZ i HBIX (HENHBEPTHPOBAHHBIX)

[1py pacripoCcTpaHeHmn B By XYPOBHEBbIX aKTUBHbIX

(MHBEPTUPOBAHHBIX) Chedax
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OCHOBHasi rpobrieMa SKCIEPUMEHTASIbHOIO HAB/IIOAEHMNS YKa3aHHbIX 3PPEKTOB B KBAHTOBOV S/IEKTPOHUKE -
Masible PENIAKCALMOHHBIE BPEMEHA //151 BOJIbLLUMHCTBA aKTUBHBIX CPEL

T pulse >> T - pexvm pabotsl 06bI4HbIX /13€p0B

B K/1aCCYECKOM 3/IEKTPOHUKE B KAYECTBE MPSMOIro aHasiora OfTMYECKOro BDEMEHU a30BOU PENIAKCALIMN
ceqyer paccMaTpuBaTh BPEMS, CBI3aHHOE CO CTO/IKHOBEHMEM YaCTUL] MEXAY COBOV m/i C MOHHBIM (OHOM.
HO B 3KCrIepUMEHTA/IbHO PEA/TUIYEMBIX YC/IOBUSIX COOTBETCTBYIOILNE BPEMEHAE CYILJECTBEHHO MPEBOCXOAAT

BPEMEHA Pa3BUTUS HEYCTOUYUBOCTEN

LLIMpMHa 7IMHIN YCUNIEHNS ONPELAENISETCS «BPEMEHEM XU3HU» L
YacTULl B MPOCTPAHCTBE B3aumogesictans, T.e, gaktmvecky,  Lipansit = 7

BDEMEHEM [1POSIETA |

lranoHoB A.B., letesimH M.U.,, FOnnaros B.K. HAYLUMPOBaHHOE U3/TyHEHNE BO3OYIKAEHHBIX KIGCCUYECKUX OCLMIT/ISTOPOB U €0
UCIT0/Ib30BAHNE B BbICOKOYACTOTHOV 3/1EKTPOHMKE U3B. BY30B. Pagnogusuka. 1967




Electron beam

Gyrotron

N\

Conventional microwave oscillators and amplifiers are
based on stimulated emission of stationary electron beam

- generation threshold

Helical electron beam

~




Superradiance in classical electronics —
coherent single pulse emission from extended electron bunches

. Sws [ Tpunch < Tyransit ] Solenold
- pulse radiation;
-absence of instability
Electron bunch threshold in spite of Bunch of rotating
radiation losses electrons
\ Cherenkov SR Cyclotron SR
(] (
Amplification of ultrashort e.m. pulses T <T J
propagating along quasi-stationary “em.pulse fransi
electron beams (
k 1, bunch < Ttransit ]
Input pulse
Output pulse Self-induced transparency & compression

of ultrashort em pulses propagating in the
beam of non-excited classical oscillators

). H 0 soliton

Dielectric loaded
waveguide Electron bea

®—h I/” =Wy el

Bio=0
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fmnan

. CBEpXU3IyUYECHHUE MPOTIAKECHHBIX JIEKTPOHHBIX CT'YCTKOB
2. YCcUIeHUE KOPOTKHUX MUKPOBOJIIHOBBIX UMITYJIIbCOB C

OJTHOBPEMEHHOUN KOMIIPECCUEH

. CaMouHIyLIUpOBaHHAsA IPO3PAYHOCTh U (POPMHUPOBAHHUE

COJIMTOHOB B YCIIOBHSX [IUKJIOTPOHHOI'O PE30HAHCHOIO
MOMJIONIEHUSA

D HEKT MaCCUBHOM CHHXPOHU3ALMU MO, U
(OpMHUpOBaHHE JAUCCHUMNATUBHBIX COJUTOHOB B
3JIEKTPOHHBIX TEHEPATOPAX C MPOCBETIAIONIAMCS
MOIJIOTUTEIIEM B 1IeNH OOpaTHOM CBA3H

«BoJHBI (MMITYJIBCHI) YOUHMIIBD) B THPOTPOHAX



4 1. CBepxunssiyyeHmne

UnrnorporHHoe CU

coneronsyg
CryCTOK BpaLYaroLL
3/1EKTPOHOB

YepexnxoBscxkoe CH

3amMeqnarowyass cucrema
et -

. a \
= j\/,,}(

~ A ¥
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BOJIHOBO4 C
ANIJ/1EK Tp” yecKon
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— KOreépeHTHoe MMITyJibCHoE N3JTy4eHNE \
TNPOTS)KEHHbIX 3/1EK TpOHHbIX Cr] yc TI{ OB
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Al1® PAH: TuH36ypr H.C, 30r053 U.B.
A << Lyyncn < Lcoopemtiw

KooneparuBHasa A/IMHa - [/IMHA POCKAa/Ib3bIBAHNS U3/TYYEHUS
OTHOCUTEJIBHO CTYCTKa 3a BPEMA Pa3BUTHA HeEYC TOUYNBOCTY

KorepeHTHOCTb n3/1y4eHns1 ob6ecrieYnBaercsl 3a CHET:

- PasBUTUS MPYIITUPOBKY,
- [1POCKa/1b3bIBAHNS BOJIHBI OTHOCUTE/IbHO CrYCTKa BCIEACTBUE

DPAa3HOCTY IPYIIroOBOY CKOPOCTU UI/TYHEHUS U TOCTYIIATE TbHOU
CKOPOCTU HacTuL.

time= 0.84 ns

Cherenkov Super Radiance, 99VIII02 time= 1.98 ns

20.0cm

=
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0.5 1.0
t(ns) <P>= 1.326

P(MW)
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Cyclotron SR of electron bunch in the group synchronism
N.Ginzburg, A.Sergeey, 1.Zotova et al JETP Lett. 1994

Lab frame (grazing regime) Phys.Rev.Lett. 1997
b o ' N
h=c o’ - mg V||0 = Vg,, 12
; v=(1-8%-B%0)
o, ‘ 0)z“Y|2|0COH |
@=hVjo= V . h_ Of = eH,/mcy - gyrofrequency

r
w4

Comoving reference frame
(radiation of unmovable electron bunch near the cut-off frequency)

K

Advantages of the group synchronism regime

- decreasing of the sensitivity to the spread in the
electron parameters

w=w,=w,

- the rather low rate of electromagnetic energy

extraction from the electron bunch results in the
maximum gain of SR instability

J \




Basic equations in the comoving reference frame

= Re(E (7 )A(z,0)e™")

21t (
0%’ Ba
t =if(Z’ )— [ pas,
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O
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P -A-D=id /
ot
=/
Q% 'fo — detuning parameter G =16 € 83 1 5 2m—1 > 0(02c / c
mc” B oBoYjo Vi —m ) pm(Vy,)
Initial and boundary conditions
a =0
7'=0 | (+£ ,ji j ,1 ”aa(Z,,T) =0
_ ,i(8g+rcosty) 2 Vmi VU -1 0Z =
0 € [0 , 271;) re< - radiation boundary conditions
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Results of simulations

(" In the comoving reference frame Cyclotron SR pulses for different , A
detuning parameters A~y -0
| | |
r
w A
wEw,=w,
— > h'
\_ J
4 ™\
In the lab reference frame
Double pulse Monopulse
} o 0.2 ‘a‘z 027
| HF ||a
0.1 - LF 0.1 -
T T
00 T T 1 0-0 T T 1} 1
10 20 30 10 20 30
A=0 A<O
’
(D’H = M, Wy <0, 10




Experimental observation of cyclotron SR in Ka band
4 )

Voltage and current pulses r i ; ; ~
T T ] Dispersion diagram

High-current accelerator
RADAN (IEP RAS)

\. J/
\ ™
Experimental parameters Form of SR pulses vs

Magnetic field 11-16 kOe Electron current 250 A guiding magnetic field
Operating mode TE,, (TE,,) Electron energy 200 keVv

Waveguide radius 0.5cm  Bunch duration 400 ps

Pitch-factor ~1 11.9 kOe
1 HC
e A N o —
. P/Pmax ‘/ ‘\‘ 1

| \
Peak power of SR pulses B / \ 11.95 kOe
vs the intensity of guiding | L 30
magnetic field 0.5 — | \
- \
- . Cn V\// 12 kOe
= 4 < o, KkOe

0.0 |/ T T T T T T 1 \0)3 >c02

Ph ys.Rev.Lett. 1 997 10.0 11.0 12.0 13.0 14.0 400 kKW
400 ps )

i
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“YeperHKoBCKOe CBEpXH3/Ty eHNE S/IEKTPOHHbIX CTYCTKOB MpH B3anmogencremm
co Bcrpeqﬂon BOJIHOH B r1iepnognyecKkn-rofppmpoBaHHOM BOJTIHOBoAE
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ABTOMOE/IbHbIE PellleHUs

PocTtyHuoBa A.A.
10

AnTnmn €JIbHBIE PEIIECHUS ITOQUYUHAIOTCSA

d*0

:—Re(Aeiﬂ),

&,:ﬁ(z+r),
F(Z,t)=74(§), 8(Z,1)=0(8).

PN
0.5

04 |
0.3 -
0.2 -
01

0.0

XapaKkTepUCTUKN MMITYIILCA:
TTuxoBas aMnauTyna Amax ~ T, Ilupuna umnyneca 4 ~ 1/4/7

TTonoxenre MakCUMyMa §max = §g — T+ % 13



IKkcrnepuMeHTasIbHoe Habsirogerne yeperHkosckoro CH

2000 -2002 .
' e Ka-band  (pabowas yacrora 38 1T1)
- - s ety B {
R R ~ 71 20018, 1 kA - 60MBr )
| ' Hmnynsc CH 300 k38, 1.9 KA - 150 MBr
Yacrora nosroperuns fo 25 My
300 ps 3aBuCHMOCTb MMKOBOH MOLHOCTH
umnynecoB CU ot 3apsiga crycrka
1 ns PIP ax
1 10 -
08}
0.6
Begyuwee marnnrroe 04k
none ~5 Tn '
02}
00 1Ea 2E4 3E4 4E4 SE4 6E4 7E4
Lnarpamma Harpas/1eHHOCTHU 0% a.u.
= 3.0-
g 2.0 A
5 19BN )
UlN® PAH (H.Hosropoz) CseyveHune naHemmn s s -
U3® YpO PAH (Exkatepurbypr) d #13 HEOHOBBIX /1amiT RS
Strathclyde University (Glasgow, UK) -

\ 0 12 24 36 48 60 72 B84 R, cm




renepaynsa nmnysibcoB CU ¢ MMKOBOH MOLYHOCTbIO, IMPEBOCXOAALLEH

MOLYHOCTb 3/1IEKTPOHHOIo nny4yKa

" MpogpmnnpoBanHas 3am.cucrema

27 20)
1_

S.Korovin, V.Rostov, V.Shpak, M.Yalandin, N. Ginzburg,
I.Zotova, A.Sergeev Phys.Rev.E 74, 016501 (2006)
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renepaynsa nmnysibcoB CU ¢ MMKOBOH MOLYHOCTbIO, IMPEBOCXOAALLEH
MOLYHOCTb 3/IEKTPOHHOIO NMy4YKa

N3® YpO PAH, UCD PAH

J

JHeprus anektpoHoB — 300 k3B

I O Tok nyuka — 2.2 kA
MOLLHOCTb Ny4Ka - 0.7 BT
M AunTenbHOCTb
@ uMnynbca CU — 200 nc

X MukoBast MowWHOCcTb — 1.2 BT
KoaddumumeHT koHBepcum — 1.5

JHeprusa anekTpoHoB — 330 k3B
ToK ny4ka — 5 kA
) MOLHOCTb NyyKa - 1.7 BT
Z [nutenbHOCTb
<C umnynbca CU — 650 nc
r:'.3 [lnkoBas mowHocTb — 3 BT

KoacdhdumumeHT koHBepcum — 1.8

~ SINUS-200

16



HaoOJronenune ycujieHusi UMIYJIbCOB ¢ OJTHOBPEMEHHOM

KoMIIpeccuen

Amplifier section

240 mm

Dielectric loaded /
waveguide

1st e-beam Y, S/
Solenoid” / 2nd e-beam

Cut-off neck /

Ananoun M.U., u op. pdext HeTuHeHHOM
KOMIIPECCHH YIBTPAKOPOTKUX MUKPOBOJTHOBBIX
UMITYJIBCOB B IIPOIIECCE YCUICHHS

KBa3UCTALMOHAPHBIMU AJICKTPOHHBIMU IMOTOKAMU
// TInucema B KOT®. 2010. T.91. C. 620.

50 MW

300 ps

OcuunmorpamMmma
BXOAHOI'O CUTHAJIa
« 200 MW

100 ps

OcuunmorpaMmma
BBIXOJHOTO 17
CUTHaJa




YcuiieHue KOpOTKOro uminylinsca B JIbB

ABTOMOI[CJ'II)HI)IG pCIICHUA

a20
ﬁ - —Re(Fe‘a)
- A O, 1/A*Or,
aF oF 1

a'l'+az=_;f e—wdeo ZmaX:ZO+T+§()/\/%-
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Kor EPEHTHOE CJ/IOIKEHNE NMMITY/TIBCOB YEPEHKOBCKOIO CBEPXHNIITYHEHMS,

HHHULMHPYEMbIX PE3KUM qbpaHTOM 3/1IEKTPOHHOIO Crycrka
N

L/E'Tb/peXKaHaﬂbHaﬂ CU JIOB 8 MM-4unaral3oHa

£
1S
W
[
-
x
Yo]
[
-

-190 kV@ 44 Ohm

(b) VIMriysibC yCKOPSIIOLLErO HANPpsuKeHUs ¢
0OOCTPEHHbIM MEPELHUM PPOHTOM.

Wmnysibc CU ¢ nnkoBov MolHocTbio 600 MBT,
reHEPUPYEMbIY B OLfHOM KaHA/IE

(b)

P=16 a.u.

CymmapHbie umrysibcbl CH ¢ 16-Tv KpaTHbIM

(c) TOKOBBIVi MITYJIbC HA BXOAE B 3aM. CUCTEMY.

L

WIHTEHCUBHOCTb U3/TyYEHMS B MAKCUMYME
UHTEDDEPEHLIMOHHOU KapPTHUHbI
IKBUBAJIEHTHA UI/TYHEHUIO OT OJHOIMO

UCTOYHUKAE C ITMKOBOM MOoLLHOCTHIO 10 [BT.

0C/1a6/1EHNEM 110 MOLHOCTU )
g UHTEPMEDEHLIMOHHAS KaPTHHE A
OT 4-X UCTOYHUKOB uMrly/ibcoB CH
SKCIIEPUMEHT MOofe/MpoBaHne




NHnynaynsa yepeHrkoBckoro CH CrioHTaHHbIM U3/Ty4EHNEM PPOHTa

3/IEKTPOHHOIO CryCTKa

[

\
Mogesib riaHapHoro Bo/IHOBOAAE Co C/1iabov
CUH@A3HOU rogprpoBKOY

3M1EKMPOHHBILU C2YCMOK MaKpO3/1eKMPOHbI

@, J=O'Al§[t—

% QZ}_ZVO

[Tosie uznyyeHnss 04HOM Makpo4acTuLibl
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\

|

2N | h(AE+E)
d CUHGba3HO-20¢hpUPOBaHHbIL 80/THOB0O b ﬁ)OOS QT+W , $<&,
SJIEKTDOHHBIVI CrYCTOK MPEACTABIISETCS KaK E(@ L= - N
raz MakpoYacTuLl, B3aNMOLENCTBYIOLNX 2mhhaN ) O hAE-&)
MEXAY COBOH Yepes 110718 U3/TYHEHUS b 005y 20— -4 , &>,
- J \ = = J
: 5 . " N
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Uunynaymsa yvepeHkoBckoro CH CrIOHTaHHbIM U3/TyYEHNEM PPOHTa

3/1IEKTPOHHOI0 CrycrKka

N.S.Ginzburg, A.A.Golovanov, G.A.Mesyats et.al, «Generation of Electromagnetic Fields of Extremely High
Intensity by Coherent Summation of Cherenkov Superradiance Pulses» Phys. Rev. Lett. 115, 114802 (2015)

[lapameTpbl MOAEIMPOBAaHNA:

IHEprus 3/1eKTPOHOB 250 keV
TOK 3/IEKTPOHHOIO CrycTKka 850 A/cm
PaccrosHmne mexay
CTeHKamu BosiIHoBoga b 0.2cm
llepmnog rogppuposku d 0.33 cm
Amrsmtyaa rogpuposkm b, 0.013 cm
LUINTe/IbHOCTb UMITY/IbCa TOKa 1ns
LmTesIbHOCTb PPOHTOB 300 ps
Hacrora HY uznyyvermns 38 GHz

120

100
g 80 -
% 60 |
A 40 ‘ ,

20
0 . ] Aﬂ'ﬂ‘l‘l’l‘l M b Ml
0 500 1000 1500

T, ps

yyeHbix. lN$ PAH

500 700 800 900 1000
f Time, ps
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=
© VA v‘u“‘vl
=
L l l | l l | | ] |
20 12 -4-20 12 4 -20 12 4
&, cm &, cm £ cm

[onoBaHoB A. XVIII koHKypc paboT monoabix
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HoBblI#H K/1aCC reHepaTopoB UMITYJIbCHOIO 3J71IEKTPOMAarHMTHOIO U3JTyYEeHNUS
MMWUJIJTHMETPOBOIro M CAaHTHMETPOBOIo ANara3oHoB Ha OCHoBe 3¢hgpexros CHU

'mbpugHbIii MogynsaTop

N3® YpO PAH, ExartepuHbypr
LmrenbHocTs uMriysibcos CU — 250 nic

Ka-band

[InKkoBas MoLHOCTb — 300 MBT
Yacrora nosroperHmns — 3500 'y
CPEFHSAA MOLLHOCTL — 200 Br

X-band

2@ YpO PAH, EkarepuHbypr
UC3 CO PAH, Tomck

LmresibHocTs umriysibca CU — 1.3 HC

[InkoBass MOUIHOCTE — 0.4-1.2 [Br
Yacrora nosroperuns — 10-1000 'y
CPefHSAA MOLYHOCTH — 3 KBT

OocuynsiiorpamMmesl
10 CU-umMny/IbCoA =




CBerM.?II}"IEHMe S/IEKTPOHHbIX CryCTKOB ripu BO35y)I(ﬂEHMM NOoBEPXHOCTHbIX BOJIH

FrogpprHpoBaHHbIi N\ . )
BOSIHOBOZ THz-band DopMHpoBaHHe M10BEPXHOCTHOM

D/ A~1 Bo/IHbI P Ay

Xeband lNepexog k IS ; s | Ly o
-ban cBepXpasMepPHbIM
Ka-band HMJIH OTKPbITbIM \\ o
W-band 3/1IEKTPOANHAMNYEC \ ~
3/1EKTPOHHbIN G-band

KM cncremMam

\(

crycrox
TpeboBaHHA K UCTOYHUKAM 3/IEKTPOHHbIX CIYCTKOB
RADAN
ﬁ % @ SINUS -YxopoyeHne gnnresibHocTH crycrkos go 20-40 nc
5 -,'5"'.}" m& <" gy -IToBbILWeHne 3HEPrun o HECKO/Ibknx M>B
N ‘ : -fnorHocre Toka 50-100 kA/cm?
lebﬁoraqﬁble ycxopurenn DOTONHIKEKTOPBI
] .
b(z) = by c os(ﬁz) KBaznontnyeckmi Meros ornmcaHns qu,DMI//,DOBaHI/IH 1OBEPXHOCT} HOU BOJIHbI
_ 7 Ginzburg N.S., Malkin A.M. et.al Appl.Phys.Lett. 2011
h=2m/d, bih <<1 Phys. Rev. Lett, 2013
( y A ﬂpe,qcr aBJ1IeHHne noJisi B Bnge 2-x BCT| PEYHbIX KBA3HOMNMTUYECKNX ITYHKOB
g =hc/2 (oot ; i 0A, i(or—k;) , OA_ ;
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TpexmepHasi KBa3nornTnyeckas Mogesib YepeHKoBckoro CH 3/1eKTPOHHbIX
CryCTKOB, ABMXKYLUNXCA Hag roppHupoBaHHOMH MOBEPXHOCTHIO

( N
oA, 8A+ A+ a Ay X(Z —Bo7) a —i0
= Y FY =8
0Z * 81: aY2 aXZ = i0A_8(Y) - B, ( &X)— I db) T
04 04 .9*4_ 9*4_ . E CTpykTypa
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J 01

9‘ 70" 0 +rcosBy, 9 [0,21!:), ro¢pnpaaaﬁﬁaﬂ
= 3/1EKTPOHHBIH MOBEPXHOCTD
(0/0Z +a/a’t)9‘Z=0 =A crycrox
\_
N

é lMapamerTpbl MOgeIMpoBaHNs

rneprus yacrny 1.4 M>B

3apag cryctka 2 HKn
AnmrenbHocrs cryctka 40 nc “

s 0.85TIy
Inybura roppupoBky 20 MKM [ /
lMepnog rogppnpoBsxn 0.15mMmM "= * /

mmHa B3anmogericreuss 13 cm

300 40

Amnysnbc CH

ITukoBass MOLYHOCTb
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LenTpanbHas yacrora

0 " . . .
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100 nc
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Y Y
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IKCrIeprHMEHTbI 10 reHepaymm MMysibcos CH B KOPOTKOBOJIHOBOH HYacTH
MMHUJTUMETDOBOIO ANAINA30Ha MPH BO3OYKAEHUM MOBEPDXHOCTHOH BOJIHbI B
CBepXpa3MEPHOM rogpprHpoBaHHOM BOJ/IHOBOAE.

Tpy6yaTbivi rpaguTOBbLIN
ObLLpvi BUS SKCIIEPUMEHTA/IBHOM Y CTaHOBKU Karoq AMameTpom 6.6 MM

RADAN-303 q

3aMeANIfFMoLYaA CTDYKTYPA

WmriysibC Haripsixelnss 330 kB

lMapamerTpbl reHepupyembix —

umnysibcos CH

LmTesIbHOCTh ~180 ric '> o
LleHTpanbHas Yacrora ~150 Ty mr1y/ibC Ci
[TnkoBas MOLLHOCTb He meHee 70 MBT
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2. CaMonHAyYUNpPOBaHHasa rpo3pavyHoOCTb 1 (bopMupoBaHHe
COJINTOHOB B YCJ/IOBHSIX UNK/TIOTPOHHOI O NOr/ioleHns1

4 )

PacrnipocTpaHeHHne y/IbTPaKoOpOTKMUX CBETOBbIX UMITYJ/IbCOB B PE30HaHCHbIX
HEeNHBEPTHPOBAaHHbIX (MMaCCUBHbIX) Cpegax

AByxyposHesas cpega T puise <<Tq 2
111 E Tyuise >> T =21/ @
/TN W= 0y =(E;—Ep)/h
V L - CaMOMHAYUMPOBaHHAs PO3PaYHOCTb
b - CaMoc)KaTne UMMyJIbCOB

\_ J
4 )
Knaccnyeckni aHasor — pacrpocTpaHeHme yIbTPaKoOPOTKOIro 3/1IEKTPOMarHMTHOIO

HUMITyJIbCa B MTOTOKE HEBO36Y)KAEHHbIX UNKI/TIOTPOHHbIX OCYNII/IITOPOB

lTor1 YTHOE paclripoCTtpaHeHne Bc TPEYHOE pacripoCcTtpaHeHne
. — 1,
S/IEKTPOHHBIN ITYy4OK C
Hy/IeBOJi TonepeyHosi .o % ,
CKOpOCTbIO0 IN
VJ_O =0 Gl

0w-n"h V” (0 H _ Ycsi0Bme UNK/IOTPOHHOIro pe30oHaHca ‘ O+ h V” (,)OH

(,)%, =eH, / mcy - PENSITMBMCTCKAS rMpoYacToTa




PacrnipocrpaHeHne U3JTy4EHNS B MNOTOKE HEBO3OYIKAEHHbIX

LHNKITOTPOHHBIX OCYHNI/I/IITOPOB

e N
OCHOBHbIE YpPaBHEHMUS

- HaYa/IbHbIH MonepeYHbln
HMITYJIBC OTCYTCTBYET

N\ )

IpghexT camomnHgyUNMpoBaHHOH
npo3paYyHOCTH Peasin3yercs
TOJIBKO npy y4yere
HEN3O0XPOHHOCTH LUHKI/TIOTPOHHbIX
OCUHN/IIITOPOB

PRL 105, 265001 (2010)

(" ConuroHHbIE PpeLueHns: )
a(z,1)=a©e®0)  (=z_uUn
p(2,7)=F(C)eV

U - CKOPOCTh COJ/INTOHG
AHasiorn SIT co/iMTOHOB:
[loryTHoEe pacrpocTpaHeHne:
1/2
2 [ 2 ]
alZ,T)|= sech—=(Z-U~x
‘ ( )‘ (U—1)3/4|_ /7U—1( )
BcrpeyHoe pacripoctpaHerme:
(29- 2 (7 v
a\Z,T) = secch——=(Z-Ux
‘ ‘ (U+1)3/4[ VU +1 }
- -y




B3anmogesicTene KOpoTKoro nmryJsibca
1101y THbIM 3/1EKTPOHHBIM [I0TOKOM B . |d|

IR rnmNpDIAav llllunn-rnnuunrn NRADINLIDLIND
Y I T IDOVITIN VI IV I PPUTITNTVI V oIV TTHINTIVH

UnknorpoHHoe

rorsiowuerne ay=1,T
CaMmonHayyHpoBaHHasa
npo3payHocTh
ap) = 3, T=4.5
Ipghexr «caMocrxkarns»
BXOfQHOIro umnyJsibca ag = 5,T=5

Pacnapg BxogHoro HnMmnysibca Ha
HEeCKOJIbKO COJ/IUTOHOB

a0=3,T=15



Tpaxncgopmaymns craymoHapHbix CBY currHasoB B noc/ieqoBarTesibHOCTb COJTUTOHOB IpH
B3anMogeHCTBHH CO BCTPEYHbIM 3/IEKTPOHHBIM IMyYKOM B yC/IOBUSIX PE3OHAHCHOIO

MogympoBarHbI

N\
OCHOBHbIE YpaBHEHNS]

LUAKJIOTPOHHOIO norjiowjeHns
N

"

4.0 VA

9 0 MapameTpbsr MogenMpoBaHns
= a a
BbIXOAHOM CUIHa/ 0+ h I/” () Jia a_ _ a_ _ MouwHocTs
0Z ot BXOZHOIo CHrHana 300 Br
CraumoHapHbivi o . 2 Yacrora
curHan 7 + ll’(ﬁ + ‘P‘ ) =a BXOAHOIro CMrHanaa 250 Iy
Pab TE
/—-— aboyass Moga 11
IpaHn4Hbie ycioBus Tok ny4ka 60 MA
i I _ _ SHeprus 3/1ekTpoHos 1 k3B
J L p‘Z=0—0 a‘Z=L_ain )
1
DopMHPOBaHNE COSTUTOHOB B out PRL 2014, V. 113, 143901
NPoCTPaHCTBE B3aHMOJEHCTBHS 6.0 —
—15 — L i
T \ I 0T B Pexxnm
N nepuogn4ecKoro
2.0 cnegqosanmns
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T
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20 I
ConMTON IMnkoBas MOLHOCTH
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Pe3ynbrarel PIC-MogennupoBaHnss Ha OCHoBe koga CST Studio Suite

CxeMa npocTpaHCTBa B3anMogencrBns

BbIixogHasi
cexKymns

_—_ BxogHas
TpsamornnHeriHbIH
o y cexkynsa
3/1IEKTPOHHbBINA ITY4OK ('%
b4
g r N S

=1~

lMapamerTpbl MogesiMpoBaHHns

Tok ryyka 60 MA
SHEpPrus 3/1eKTPOHOB 1 k3B
Begyiee MarHUTHOE riosie ~8.9 T

LmHa npocTpaHcTBa Bianmogencrens 20 Mmm

~300 Br
240 I'Ty

MowyHocTb BXOAHOro curHasia
Yacrora BxogHoro curHasia

MowHocTe npoweguwero n oTpa)XxeHHoro
H3JTYYEHNS B PEIKHME NMEPHO[ZNYECKOH
aBToOMOgYyIIYNH

| Vposers sxonHoro CW currana |

lMpowegunu curran

/_ =

A 0 5 10 [ Orpaxennbisi curnan

PacnpocrpaHeHne Co/IMTOHa Yepe3 npocCTPaHCTBO
B3anMogencrens




A. Fedotov polarizer

radiation output interaction space — cylindrical waveguide input horn for magnetron radiation
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Experimental results

Initial signal
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Passive mode-locking in
lasers

saturable
gain absorber

|
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Puc.1. 3aBHCHMOCTH HHTEHCHBHOCTH MHOI OMO JOBOI0 WA VHEHHA OT Bpe-
MEHH NMpH ﬁecnopﬁ,-‘m HHOM naﬁope MOT (a) 1B cIy4ae UX CHHXpPOHH3a-

Passive mode-locking and

dissipative solitons formation

in electron devices.
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Amplifier Saturable absorber
Partially
transparent
mirror
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MH36ypr H.C., Kovyaposckas E.P., Bunkos M.H., Ceprees A.C. NaccuBHas
CUHXPOHM3auna Mo 1 hopmMmpoBaHme ANCCUNATUBHBLIX CONMMTOHOB B
3NEKTPOHHbIX reHepaTopax C NPOCBETNAIOLWMUMCS NOrnoTUTENeM B Lenu

obpatHon cBasn // XKITP (2017)

Ginzburg N.S., Kocharovskaya E.R., Vilkov M.N., Sergeev A.S., Fil'Chenkov
S.E. Dissipative solitons in electron oscillators with a saturable absorber //

Physics of Plasmas (2018)

Grishin S.V., Dmitriev B.S., Moskalenko O.l., Skorokhodov V.N., Sharaevskii
Y.P. Self-generation of chaotic dissipative multisoliton complexes
supported by competing nonlinear spin-wave interactions // PHYSICAB3

REVIEW E (2018).



Ultra-short pulses electron oscillator with high-Q

rocnmnafN nA catrirahlno ahcnrhor in Fho fo ar/h ~lr InAN
Fesonator and saturapie aopsoroer In tne reed (K 10U /./

/aa { 14 ]a tie J' Jdz, \ Cyclic boundary condition
1 o¢’ N — N\ e =
i o i(¢+T.7)=a(67)
3. dY
_ i0 1/3
(_ZHEJ 6 = Re(ae”), T =wlC / 7, (1-R)") - normalized round-trip

6|,.,=6,< 10,27l ( a% np 0 J 8),.=A. Each harmonic can be considered as a

o cavity mode with a longitudinal index m

N e 9=3 aewlind)

Z=2Ca/(c(1-R)") - longitudinal coordinate

=2 T
E=(t-z1V,)aC / (1-R)'"” - traveling-wave variable P JZ'm/

T - slow-time which is proportional to a S = (C [Vip—c !V, ) - slippage parameter

number of trips of a wave along the cavity € - dispersion para /ggter



Dissipative solitons in the group synchronism
regime D

2
g—;{+ (1+6(|05|2))a+i§a 02( = F(a)),
9’0 [
10 ~ = Re(e”) F(a))={Jdz
d9Z 6],..= 6, € [0,27] 0

Absorption curve

Amplification curve

points A and B stable equilibrium states,

AL =-3 :
&, =30 point C - unstable s tate
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Group synchronic regime. Dissipative solitons
formation from initial random fluctuations

An [solated short pulses can be

Interpreted as a dissipative solitons.

Its existence is owing to a balance of

amplification, nonlinear absorption,

generation of harmonics, and dispersion
of the group velocities

- N. Akhemediev, A. Ankiewicz, Dissipative
s Solitons, Springer, 2006, pp. 137-167.
'3 - N.N. Rosanov, Physics-Uspekhi, 2000. 43,
pp- 421-424.

2

U UL

| ! T

l T
0,=30 AL=-3 100 200 300 7

v=22.5 Soliton amplitude corresponds to amplitugg
of stable equilibrium state (point B)



Dissipative solitons in slippage regime

(v # V., s#0)

Formation of solitons

2 L
a—0{+ 1+—2 - a+ieaof=_[JdZ,
a7 1+v|q] I 1 =

2
[aiz + s%j 6 = Re(ae”),

‘f e
H‘Z=0=006[032”]9 (i'*'sa_J ‘ =A.
oz 4: 0'0:30 AL =-3 s=1

e=047 v=225 T=30.3
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Solftons in group synchronism regime vs solitons in
slippage regime

The soliton amplitude in the
slippage regime strongly exceed
its amplitude in the group

: : ] - synchronism regime. The

20 L 2 . phenomenon is explained by a

¥ = = —— cumulative effect of an energy
10-] S 0— - - lnput into the soliton from
different electron fractions

30 : 30 -
a)7 : b) -

o] 0o+ during a continuous shift of the
0 1 2 3 4 Z 0 1 2 3 4Z ;.

. . " soliton along the electron

o). 9 | ~~—  beam. Neglecting a wave

dispersion, one can prove that
the peak amplitude of the
microwave pulse does not
depend on the slipping
parameter, , and the pulse
duration Is proportional to th'@
parameter.




TpaHcghopmaymns pexxmma AHHaMHYECKOIro Xaoca B PEXXHM
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PesiaTuBUCTCKas YepeHkoBckasd JIbB ¢ LUNK/TOTPOHHBIM
[10r/IOTUTENIEM B LIENTU OOPaTHOU CBA3U

HennHenHbIN

Ycunntenb  pnornotutens

J1bB
2
da,, N da, 1 “Zt -i9 g MUU\
=—1e
ot o m 0 R
0 JINHUA 3a8epiKKU acTuyHo-

) 3/2 — npo3payHoe
070 00 i0 3epKano
5 = | 1tV Rela, e
at; 3C mpo - norsiornresip Ha

nepBoH UNKIIOTPOHHOH
E,=Re { p (z, t) E ; (r) exp (i(x) {—ihz— iﬁz)} rapMoHHnKe (pexxnM KacaHHsl)
da _
=0)C(t—z/V0) Cz(x)_Cz 4 - eAnE;(rb) B_Z= abs P I/” Vgl"
1- VO/Vgr VO " mOJCZ’YgVO 3
/4
1/3 it — _
- ~ 2 +tp(8+|p| )— a
C=[ er2Z3] <<1 Z=2Ezs(rb)‘ /kZN 0Z
2mc Yo p|Z = O

V= ZC,Y% - [apamemp lNupca



HesimHenHbIH nors1oTuTesIb Ha OCHOBE PE30HaHCHOIro UHK/1I0TPOHHOIro
NorJiIolYeHNs U3JTyYEHHNS NEPBOHAYA/IbHO MPSIMOJTMHENHbIM
S/1EKTPOHHbIM ITYYKOM.

HesmmHerHocTb riorrioleHmnss 06y c/1oB/IeEHA
DESISTUBUCTCKON 3@BUCUMOCTHIO
IUPOYaCTOThI OT SHEDIMN YACTUL]

0y =eH, / mcy - MpovacTora

. . OCHOBHbIE ypPaBHEHMNSA:
"N e/ da Vi=Ver
3aBncnmocre — =] D | S
0.8 KosgpgpnuynenTa oZ
norsioweHns1 or
0.6 BEJINYMHBbI BXO4HOIO Bp . 2
curnana —+1Ip o+ ‘p‘ =—a

0.4 - aZ
0.2 - p‘ 7=0 =(

0 , ﬁ/,,\, ‘a 0 ‘ - Ha4ya/IbHbIA MOMNEPEYHbIA

___© 2 4 6 8 10 J HMITYJIBC OTCYTCTBYET
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X-Band Gigawatt Amplifier
10 GHz

o!| (E.B. Abubakirov, A.N. Denisenko,

and et al. IEEE Trans on Plasma

Sci. 30, 1041 (2002))
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[ Mpo-ﬂEB Ha OCHOBE BOJIHOBOAA C MHO/'03aX0,ﬂHOI/7 BUHTOBOM

l‘f\f*\ ANND L. 1AL 1N

FoQ@QPupPoBK o + LNKTIOT /JOH/'lb/VI f10r710TUTESIb B Lieriv uu,ua ITHOU CBA3Y

r(Q,z)=ry +7 cos(m@—hz)

N W Ao, T —

g

O=0/ =50y

BunnroBas rupo-/ibB

Herucos I'.I., bparmaH B./1, CamcoHoB C.B.

BuHTOBasi rogpprpoBKka obecrieynBaeT CBI3b MEXAY
ABYMS [POTUBOINO/IOKHO BPALLGIOLYNMUCS
r1apLnasIbHbIMU MOAaMU I7184K0ro BOJIHOBOAA

E 4 = Re[A(z, ) Ef!(r)e (@~ 4%))
- KpUTHu4decKasda mMoga

Ep = RelB(z,0 EF (e~ "5:59)
- berywas moga

ﬁ=mA+mB, hth

[1penmyLlecTsa rupo-J1IbB ¢ BUHTOBbLIM BOJTHOBOAOM

- lLUMPOKas nosioCa YCUJ1EHUSA,

- CHUXXEHWE YYyBCTBUTENIbHOCTU K CKOPOCTHOMY pa3bpocy 3MEKTPOHHOrO MyYka 43



FeHepaTop 32 I'Ty YKM BkAOYaowWwmMn BUHTOBYIO rmpo-J1IBB Ha BTOpoM

rapMmoHuKe n nornotTurtesib Ha oCHoOBE LUMKJIOTPOHHOIo B3aMMOAEUCTBUSA Ha

nepBo rapMOHMKeE C NPSIMOJIMHENHDbIM 3JIEKTPOHHbIM MYUYKOM

HennHenHbIN
Ycunutenbnornotutenb

WHUA 3a0epx

Ycunutenb — rupo-J1IbB ¢ BUHTOBbLIM
BOJIHOBOZAOM

i 0% aa _J-
2H 07* ar pd
.

li+i b—iA b+ica=0
\ndZ 07 £

(0 . 0
\a_z+$)p+'?(A 1+|p| )—m(p)

p|, = e 0, € [0; 27)

mpl =0

llepeoHa4yasibHO 8UHMOBOU NMYy4YOK

<=

) VBTBeTBVITer
KU \
\

HennHenHbIn NornoTUTENb Ha OCHOBE
LIMKNOTPOHHOIO B3auMOAENCTBUSA Ha
NepBOM rapMOHMKE C NepBOHaYarnbHO
NPAMOSIMHEMHBIM MYYKOM B
perynsapHom BONHOBOAE

(pexkmM KacaHus)

L

“2Haz" ot =Cp-

ap ap c AN

a—Z+$+II’(§+|P2| )——f
pl,, =0

lNepgoHa4YasibHO NMPSIMOSIUHEUHbIU
ny4yoK




MpocTpaHCTBEHHO-BpEMEeHHaa AaMarpamMmma, WInKCTpupyowas
pacnpocTpaHeHue, yCuJieHMe U HeJIMHEeMHOoe NorJolleHue UMNyJibCcoB B

ONTUMAJ/IbHOM peXXuUMe reHepauunurens MornoTurens
o (PeXUM (pexxumM kacaHus)
HenunHeiHbii A AC
Ycunuten, Nornotutenb H p%equ
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[NocnepoBaTeribHOCTL MMNYJSILCOB 00NlafaeT BbICOKOW
cTeneHbio (pa3oBOU Koppensauum

Yeun

HennHenHbIN
nornoTutTenb

nTenb

JUU

Ly OTBeTBUT

JInHna 3agepxkKu
A Aaep enb

I

4acToTa NOBTOPEHNS 11Ty

K(®) =

1 j b (T)b" (T—1)dT
0

T+t

T
\/; I F det [ 1) F dv
0 t

- KoppensiuMoHHas MyHKUMS
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(MaArkmi crapr)
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JKCnepuMeHTanbHbIN MaKeT reHepatopa YKU ¢
NacCUBHON CUHXPOHU3aLMen moa Ha OCHOBe BUHTOBOM
rupo-J1IbB n UMKNOTPOHHOIro NOrnNoTUTENA B Lenu
obpaTHOU CBA3MU

Ycunutens - BUHTOBas rupo-J1b6B
33.5Iy

W, nuT4y-cpakTop 1.2, 0.68 Tn
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Atypical chaotic dynamics of gyrotrons with high excess over the
threshold
! L | P 200 T T T T
! 'i/— 1501 IN
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Sporadic generation of ultrashort giant pulses /, GHz
- _/

Rogue waves in nature: Extreme events which occur with low probability but
much more frequently than expected in ordinary wave statistics.

- N

& ~15,000 events

Time —> i Rogue waves in non-
linear optics and
‘ - [N L L | i 100 200 300 Iasers

D.R. Solli, et al Nature 2007

S ‘ al b Lo C. Lecaplain, et al PRL 2012
TN o N A 1 O T s rsswin 0 100 200 300 F. Selmi, et al PRL 2016

| J. Peng, et al Opt. Express 2016
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Important factors for correct description
of “rogue waves” generation

1. The inclination of the beam line with respect to the dispersion
c of the waveguide mode

beam line in

characteristi

20

Q 10

the old model

beam line in our model

0.5
Sq,au.

N.S. Ginzburg, A.S. Sergeev, and 1.V. Zotova,
Phys. Plasmas 22, 033101 (2015)

The maximum spectrum bandwidth is
determined by the difference between
high frequency (point 1) and low

frequency (point 2) resonances

2. The change of the longitudinal momentum of electrons

Strong transverse magnetic fields
are initiated at the steep fronts of

giant ultrashort pulses

H [

oE

0z

motion transforms to the energy
of the transverse rotation and
then in the energy of an em pulse

f‘> The energy of the translational




[ Basic equations ] 0. =0y ¥(r,0)=J,, (kr)e ™0

- -1 S it § -2 ( aA(z,t) i t\
E| =x Re(A(z,t)[VJ_‘szg]e <), H =x ReLia—VJ_‘Pe ¢ J
z
4 ) )
; 82a 8a j‘n i’J_ A0
0
0z’ n amy py g = P10
P . Bio
Py, 80 9L Lla-1+]p, [P+ ull — |= i2 | isthe initial pitch-factor
Z 4 dJt P g0 p|
A 2 1A 2 A %
Py, g O __ 2Bl g, P 8
=—80 ¢l =
\_ J
Boundary conditions
b1 Bl T (<Ry) pL(Z=0)=¢" 0y [0,2n)
0~ 36 (2 2\ 2
meBlo Vu=m) i (V) IA7||(Z=0)=1 a(Z=0)=0
A= 20— o) is the initial cyclotron 1 oda(L,7) |,

dt =0

a(L

\/m Ix/‘t v JdZ

®Bio  detuning



[ Results of simulations

J

Normalized parameters: L=15, gy=13, B,,=0.2

Increasing of the current parameter
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The grazing incidence between the beam line and the dispersion

characteristic of a waveguide mode



[ Results of simulations ]

Normalized parameters: L=15, gy=13, B,,=0.2

Increasing of the current parameter

20

Q 1o0f

4 -2 0 2 4 0 05 10 05 10 05 10 05 1
I Sq,au. Sq,au. Sq,au. Sq, au.

The intersection between the beam line and the dispersion characteristic

of a waveguide mode
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[Regimes of chaotic generation in a gyrotron

PP} | | LK
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N, is the number of spikes in the intensity bins with a given ratio P/(P)
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Formation of “rogue waves

n

\.

(Spectrum of em ficald at |

the gyrotron entrance

20

10

6 3 0 -4-20 2 4
So,au r

\ J

Vs

1st stage: The electrons leaving the
interaction space at an early moment of
time impart their transverse energy with
the backward wave to the later injected
electrons which produce a forward

propagating em pulse. )

L

2d stage: The em pulse front steepeningi
is accompanied by excitation of a strong
transverse magnetic field, that leads to
the transformation of the longitudinal to

transverse momenta of particles.

S ——

Rogue wave
(forward wave)

T~

Backward wave

-
Radiation spectrum at

\

the gyrotron output

strong transverse
magnetic field

H,| ~|0a/dZ|

electrons deceleration




[BD PIC simulations of “rogue waves” generation in a 35-GHz gyrotronj

Voltage 20 kV
Current 2A
Pitch-factor 1.3
Operating mode TE,;
Operating frequency 35 GHz
Cavity radius 2.5 mm
0.20 ) 6 Injection radius 1 mm
= — Cavity length 150 mm
dece/e:ration of electrons ® | ' ' ] )
PlE) T T Pl Brean
; R I AR T e ‘ll\ s
- OWMMMMMMM%MMMM%
z(cm) L, Us
The required exceeding over the Moj N '
threshold can be provided due to | ™, ” |
operation at the lowest modes of 1X11§0: |
the microwave cavities. | MM N l
1 MM"""unﬂnH"
Ppeak ~200-230 kW 0 50 100 150

P/(P)

(P)~1.5kW -



JKCNnepuMeHTa/ibHaA perucTpauma «BONH-yobunimu»

B 33 I'Ty rMpoTpOHeE

JHeprus 30 keV Paboyas moga TE,,

Tok 0.2A Paguyc 2.65 mm

[MnTy-chbakTop 1.0 Kputndeckas yacrtorta ~ 33 GHz

MarHutHoe none ~12T [nuHa 250 mm
U,kV

20
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|

N
0
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U

N ™,

>10°
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OCHOBHBbBIE PE3YJ/IbTATbHI

1.

Teopernyecku 1 3KCrepUMeHTaIbHO NCCIIELOBAaHbI HOBbIE METOAbI FEHEPaLIN
YIIbTPAKOPOTKUX MUKDOBOJIHOBbIX UMITY/IbCOB, OCHOBAHHbIE Ha aHasiorm ¢ Merogamm
U3BECTHBIMU B KBAHTOBOW 3/IEKTDOHUKE, BK/THOYAS

s@gexT ceepxuzsiydeHns (CU) rpoTsiikeHHbIX 3/1EKTPOHHBIX CryYCTKOB,

@OPMUPOBaHNE COJTMTOHOB B YC/IOBUSX LINKITOTPDOHHOIO PE30HaHCHOIO or/10LEHMS,;
SPPDEKT NaccuBHON CUHXPOHU3ALIMN MOA B S/IEKTDOHHbIX 2eHepamopax C HacChILLaoLUMMCS
LIMKIIOTDOHHbIM [1OITIOTUTESIEM B LIEMTM 0OPATHOM CBS3M.

Ha ocHoBe 3ghgheKTa CBEPXUI/TYHEHMNS CO3A4AaH HOBBIVM K/1aCC rEHEPATOPOB MUJI/TMMETPOBOIO
U CGHTUMETPOBOIO U3JTYHYEHMS, XaPaKTEPUIYIOLLMXCS BbICOKOU (TMraBaTTHOM) [MMKOBOY
MOLLIHOCTbBIO 1 YJIbTPAKOPOTKOU (CYOHAaHOCEKYHAHOM) A4/INTE/IbHOCTBIO UMITY/TbCOB.

BO3MOXXHbIE MPUIIOKEHNS MEHEPATOPOB UMITY/ibcoB CH:
DPaAnosIoKaLNs BbICOKOIO PaspeLLeHs;

TECTUPOBAHNE 3/IEKTPOHHBIX CXEM,

ANarHOCTvKa pas/indyHbIX CPEL,

CIIEKTPOCKOMNA,

6uosIornHeCKmeE rPUIIoOKEHNS.

o7



Generation of electromagnetic fields of extremely
high intensity by 2D-array of coherent SR sources

(b)

-190 kV@ 44 Ohm 2.2 kA

Sharpened accelerating voltage pulse (b).
Electron beam current recorded in the input
cross-section of interaction space (c).
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A. Fedotov polarizer

Evnarimaoantal catr_iin RA (L) B e =
CXPErimental SE-Up (o0 uiiZ) ] Magnetron

output horn

Magnetron power 30 kW
Electron energy 15 keV
Electron current 0.75 A
Pitch-factor <0.15
Waveguide diameter 5.3 mm
Operating mode TE1,1

= | radiation output interaction space — cylindrical waveguide input horn for magnetron radiation

5 N\ IS I - - I j
D — alk = r— = s |
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NMapameTpbl MmogenupoBaHua reHepaTopa YK 32 My,

[Nornotutenb

Ycunurtens
(pexXuM KacaHus)

(pexxuM nepgceveHns)

80

g0
ED &0
'_=f =
= 40 =40}
- h
30 30
50 20 ._
=10 -10 -6 0 b 10
h, oM h, exr!
YcunutenbHas cekums Cekums nornoLeHns
CpeaHuin paanyc BONHOBOAA 0.36 cm 0.3cmM
AMNuTyAa roppupoBku 0.07 cm .
MNepuog rogppuposku 1.2 cm -
[lnnHa NpocTpaHCTBa B3aMMoAeNCTBums 18.3 c™ 3cm
Benyuwiee MarHuTHoe nosne 0.64 Tn 1.07 Tn
Paboyasi rapMoOHMKa rmpo4acToThl 2 1
Yckopsioulee HanpshkeHne 68 kB 32 kB
Tok nyyka 10A 3.8A
Paaunyc nHxekumm ny4dka 0cm
Muty-hakTop HacTuy 1.2 0

Ycunutens - paboyas ceaska Mmog TE21(kputudeckas) n TE11(6erywas), nornotutens - moga TE11
KoaddhurumeHT oTpaxxeHns B Lenb 0bpaTHOM cBA3M no amnuntyae Kk = 0.3
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