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BBEAEHUE
B HacTos1ee BpeMs B OIITHKO-3/IeKTPOHHBIX CUCTeMax
(03C) Ha3zeMHBIX KOMILJIEKCOB 0630pa KOCMHYECKOIO
IIPOCTPAHCTBA U CIeKeHUS 33 KOCMHUYECKUMH 06beK-
TaMHU MIHPOKO IIPHUMEHSIIOTCSI CUCTeMBI, paboTaromue
B HMK-muamasoHe. Jkciutyatanusa B HMK-muamasoxe
CBSI3aHA C HEeCKOJIbKUMHU IIPUYMHAMMU

* HH3KHUH ypoBeHb QOHA COTHEUHOH paJHallkH;

*  HaJIMYHe OKOH IIPO3PauyHOCTH aTMOCQEepHI;

e IpOMBINUIeHHas Ppa3paboTka martpul ¢ 60b-

IIMM YHCIOM 3/IeMEeHTOB IIPH yMeHBIIeHHUH KX
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The result of calculating the threshold
illumination of an optoelectronic system (OES)
in various infrared sub-ranges in the range

of 0.9-5.3 um is presented. A technique has
been developed and the illumination of the
entrance pupil of the OES from the signal of
the monitoring object (OM) of a cylindrical
shape illuminated by the Sun and due to

the intrinsic radiation of the OM surface is
calculated. A program for energy calculation
has been developed and its interface has been
presented.
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INTRODUCTION
At present, systems operating in the infrared range
are widely used in optoelectronic systems (OES) for
ground-based space surveillance and tracking space
objects. Operation in the IR range is associated with
several reasons:
 low background level of solar radiation;
+ the presence of “windows” of transparency of
the atmosphere;
 industrial development of matrices with a large
number of elements while reducing their size,
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pasMepoB, MaJIBLIMH COOCTBEHHBIMH IIyMaMH
1 BBICOKOM KBaHTOBOH 3QeKTHUBHOCTBIO.

YMeHbIIeHHe IIara M IIOBBIIeHHEe ¢opMarta
SAB/ISIeTCS 0OIner TeHJeHIMeH ITPAaKTHYeCKH IJIs
BCeX MMPOBBIX Pa3paboOTUMKOB U IIPOH3BOAUTEsEH
HK-maTtpul,. CHH)KeHHe Iara W IIOBBIIIeHHe (op-
MaTa IIPHUBOAUT K 3HAYMTEIPHOMY POCTY JaJIbHOCTHU
pacrio3HaBaHUs 06BeKTOB [1].

O630pBl COCTOSIHUST M IIe€PCIIEeKTHUBBl Pa3BUTHS
MaTPUYHBIX GOTONIPUEMHBIX yCTPOUCTB PACCMOTPEHBL
MHOTHMH CIIeLHATHUCTaMHU, HanpuMmep [2]. [lis pelie-
HUSI KOHKPETHBIX 33a/lad Pa3paboTaHbl IIpOrpaMMEL
pacdera O3C ¢ MaTpU4YHBIM GOTOIIPHEMHUKOM
B MK-nuamnasoHe. Tak, B paboTe [3] paccMoTpeH pac-
4YeT OPOroBOM YYBCTBUTENIBHOCTH O9C B Pa3THMYHBIX
criekTpaibHBIX HMK-guama3soHax M oIIpefeeHa OCBe-
IEHHOCTb BXOJHOTO 3padyKa OT KOCMHYECKOro 00B-
ekTa (KO) cheprueckoil GopMbl.

B maHHOM cTaTke IpefcTaBaeH ATOPUTM M IPO-
rpaMMa pacdeTa [jsi OIpefe/lleHUs IIOPOrOBOM
ocBelleHHOCTH O3C B CHEKTPaJIbHOM [HUaIla30He
0,9-5,3 MKM C YTOYHeHHeM IIoAAKara3oHoB. IIpose-
JleH pacyeT curiaaa oT KO LIIHHAPUYeCKON GOPMBL
(paKeThl) IpH IIOACBETKe CONHILIEM, KU Pe3y/IbTaThl
[IpeCTaBleHbl C HKCIIONb30BaHHEM KO3QPHUIIHMEeHTa
rabaputHon sipkoctu (KIS), rpaduk KOTOpOro IIpes-
CTaBJIeH. BBIIIONIHEH CpaBHUTe/IbHBIM aHa/lIH3 IIOpO-
TOBOM YYBCTBUTENBHOCTH MK-CHCTeM B PasIHYHBIX
CIIeKTPA/IbHBIX AHAla30HaX M Pa3slIM4yHOM TeMIlepa-
Type OOIIMBKU paKeTsl. B pa3paboTaHHON MeTOLUKe
pacdera MK-cucTeM HCIIONb3YeTCS IIOAXOM, OCHOBAH-
HBIIl Ha OLleHKe CKOPOCTH c4yeTa $oToHOB. HarimeHo
ONTHMaJIbHOe BpeMs HaONIofeHUs] IpH 3aJaHHOM
ypoBHE GOHA U ITapaMeTpax MaTPULIL.

BbIBOP CNEKTPA/IbHbIX AUATTA30OHOB
[Ipu mpriemMe COOBCTBEHHOTO H3/Iy4YeHHS! OOIIMBKHU
paKkeThl IpPHUEMHBIM CIEeKTp HMeeT BHJ, CIeKTpa
abcomroTHOro yepHoOro tena (AYT) mpu TeMIlepaType
PaKeTHI.

s cnydass OTCYTCTBUSL daKesia pakeThl IIPU IIPU-
eMe H3/Iy4eHHs OT paKeThl, IofcBedeHHOH COMHIEM,
IIPHEeMHBIH CIIeKTP KMeeT CIIEKTP abCOMIOTHO UepHOro
Tella IpHU TemmepaType T=6000 K [3]. H3nydeHHe
ConHIla OTPasKaeTCs OT OOLIMBKY PaKeThl U IPUHUMA-
€TCs IPUEeMHBIM 00BeKTHBOM CHCTEMBI.

I ONTHMH3ALMHU OTHOLIEHHS C/II, C y4eToM
IIPO3PavYHOCTH aTMoceprl, OBLIM BBIOPAHBI CIemy-
e noaauamnalodel: 0,9-1,3 MxkMm; 1,4-1,8 MKM;
1,8-2,6 MmxMm; 0,9-2,6 MKM; 3,2-4,2 MKM; 4,4-5,2 MKM;
3,0-5,2 mxMm. 2Otu HK-mogguamna3oHBl COBIAAaloT
C OKHAMH MPO3PAYHOCTH ATMOCHEPHI, UTO AOJIKHO 0be-
CIIeYnBaTh HauboIblllee OTHOIIEHME CUTHAI-IIIYM.

=

low intrinsic noise and high quantum effi-
ciency.

Decreasing the step and increasing the format
is a common trend for almost all world developers
and manufacturers of IR matrices. Reducing the
step and increasing the format leads to a significant
increase in the range of object recognition [1].

Reviews of the state and prospects for the devel-
opment of matrix photodetectors have been consid-
ered by many specialists, for example [2]. To solve
specific problems, programs for calculating an OES
with a matrix photodetector in the IR range have
been developed. Thus, in [3], the calculation of the
threshold sensitivity of the OES in various spectral
infrared ranges is considered and the illumination
of the entrance pupil from a space object (SO) of
a spherical shape is determined.

This article presents an algorithm and a calcula-
tion program for determining the threshold illumi-
nation of an OES in the spectral range of 0.9-5.3 pm
with the refinement of the sub-ranges. The cal-
culation of the signal from the SO of a cylindrical
shape (rocket) under the illumination of the sun is
carried out, and the results are presented using the
dimension brightness coefficient (DBC), the graph
of which is presented. A comparative analysis of the
threshold sensitivity of IR systems in different spec-
tral ranges and different temperatures of the rocket
skin has been carried out. The developed method
for calculating IR systems uses an approach based
on the estimation of the photon count rate. The
optimal observation time is found for a given back-
ground level and matrix parameters.

SELECTING THE SPECTRAL RANGE

When receiving the intrinsic radiation of the rocket
skin, the receiving spectrum has the form of an
absolute black body (ABB) spectrum at the rocket
temperature.

For the case of the absence of a rocket torch when
receiving radiation from a rocket illuminated by the
Sun, the receiving spectrum has a spectrum of an
absolutely black body at a temperature of T=6000
K [3]. Radiation from the Sun is reflected from the
rocket skin and is received by the receiving lens of the
system.

To optimize the S/N ratio, taking into account
the transparency of the atmosphere, the following
sub-ranges were selected: 0.9-1.3 pm; 1.4-1.8 pm,;
1.8-2.6 pm; 0.9-2.6 pm; 3.2-4.2 pm; 4.4-5.2 pm; 3.0~
5.2 pm. These IR sub-bands coincide with the trans-
parency windows of the atmosphere, which should
provide the highest signal-to-noise ratio.

PHoTONICs vOL. 15 N26 2021 485



ONTUKO-3JIEKTPOHHbIE CUCTEMbI M KOMNJIEKCbHI Il
CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey

Ha pwmc. 1 mpencraBieHa 3aBU-
CHMOCTb CIIeKTPaJIbHOIO KO039du- w 1,0
LIMeHTa IIPOIYCKaHUS aTMOCHepE E 0.9
OT JJIMHBI BOJIHBI U3JIy4YeHHs B IHa- § 0sl
masone 0,9-5,3 MKM IIpu yrie s
Mecta 15°. TpaduK paccCUHUTaH = O
[ IIOCTPOEH C IIOMOLIBI0 pa3pabo- § 0,6 -
TaHHOH aBTOpPaMU IIPOTPaMMEI. E 0,50

I[Ipu BBIGOpE CIIEKTPATBHOIO M- g 0al
[1a30Ha HY>KHO YYUTHIBATh KaK OKHA Z ’
[IPO3PayHOCTH aTMOCdepsl, Tak g 03p

o a

Y XapaKTePHUCTHUKH CePUMHO BBIIY- E 0.2
CKaeMBbIX MaTpHL, COAepsKalluX ? 0.1
BCTPOEHHBIH HHTep(bepeHuHOH_ 5 O\\\ I O e e e 7 | LN L)
HBIN GuIbTp (M®). MaTpuia Falcon 1,0 1,5 2,0 2,5 3,0 3,5 4,0 4,5 5,0
HU3pamIbCKOu QupMbl SCD MoXKeT JUTHHA BOMHBI, MKM
pabotaTh B quamnasone 1,0-5,45 MKM,
MMeeT BCTPOEHHBIM 3aBofckou KM Puc. 1. 3asucumocmp cnekmpanbHo20 Ko3ppuuueHma nponyckaHusi ammoc-
B AuarasoHe 3,6-4,9 MKM. OXIaK- depbl om dAUHbI B0AHBI U3Ay4eHus 8 duanasoHe 0,9-5,3 mkm npu B=15°
JaeMblsi M® - He CMeHHBIM, TakK Fig. 1. Dependence of the spectral transmittance of the atmosphere on the radia-
KaK OH YCTaHOBJIEH B TePMEeTHYHBIN tion wavelength in the range 0.9-5.3 ym at p=15°
Kopryc. ®upma Selex ES m3roras-

JMBaeT aHAJIOTHYHYIO II0 Xapak-
TepUCTHKaM MaTpuuy Eagle. ITpu 5TomM MoXKeT OBITH
BbIOpaH HeoOXOAU MBI MofgranasoH Ho.

Taxoke BaKHO C LIeIbI0 MaKCHMMHM3aLHMH OTHOIIE-
HMS C/1I OLIeHUTh YPOBeHb BHelIHero ¢poHa. Ha puc. 2
IIpefCTaB/leHa 3aBHCHUMOCTb CIIeKTPaJbHOU SIPKOCTH
doHa Heba mpu yrie mecrta 15° B iuamasose 0,9-5,3 MKM.
B pacuerax cpemgHero HK-muamasoHa HMCIIONIb3yeM
IapaMeTpsl MaTpuubl Falcon, ams

Fig. 1 shows the dependence of the spectral trans-
mittance of the atmosphere on the radiation wave-
length in the range 0.9-5.3 pm at an elevation angle of
15°. The graph is calculated and built using a program
developed by the authors.

When choosing a spectral range, it is necessary
to take into account both the transparency windows
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MeTeOopoJIorTHYecKass LaJbHOCThb
BUAKMMOCTH §,=20 KM; OTHO-
CHUTeJbHasg BIAKHOCTh BO3JAyXa
V=80%; TemMmIepaTypa BO3A4yXa

1,0

1,5

Puc. 2. 3agucumocmb cnekmpanbHoli spkocmu GpoHa Heba npu yaie mecma 15°

2,0 2,5 3,0 3,5 4,0 4,5 5,0

IIrHAa BOJIHBI, MKM

T=22 °C. PesynbTaThl pacyeTa
HK-cucTeMbl B pa3sJIMYHbBIX CIIEK-
TPaJbHBIX MAHAIla30HAX Mpes-

8 duana3oHe 0,9-5,3 MKm
Fig. 2. Dependence of the spectral brightness of the sky background at an eleva-
tion angle of 15° in the range of 0.9-5.3 ym

CTaBJ/IeHbl B Tabi. 1.
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Ta6nuua 1. Pe3ynbTaThl pacyeta MIK-ccTem B pasinyHbIX CNeKTpanbHbIX AManasoHax (414 yrna mecra B=15°)

Table 1.

Nen/n
Item No.

Results of calculating IR systems in different spectral ranges (for an elevation angle B =15°)

CneKTpanbHbIi A1anasoH A, Mkm 14-18 1,8-2,6 0,9-2,6 32-42 44-52

Spectral range A, pm

OCBeLLEHHOCTb, CO3AaBaeMas GoHOM 21,4465 -1071* | 849817 -107* 5968 107 42,0181 107 @ 645723 -107* | 26,6232 -107* | 38,5327 -107M
Ha pix, BT/ cm2
Background illumination per pix, W/ cm?

MolyHocTb $oHa Ha pix, BT 6,52655 -1071  2,54274 -1071 173381 -10711 | 12,207 -1071 172942 -10° 708093 -107!' | 10,2485 -107!!
Background power per pix, W

MoporoBas MOLLHOCTL Ha BXOAHOM 815928 101 | 48229107  3,55312-107% | 12,4021 -10™# = 2,65573 -1071 | 74348 -10* | 10,5624 -1071
3payke, BT
Threshold power at the entrance pupil, W

Bpems HakonneHus npu noporosoy 20 20 20 8,77188 20 582139 4,79551
MOLLHOCTY, MC

Accumulation time at threshold power,
ms

MOUHOCTL CUrHa/a Ha BXOAHOM 3padke | 8,17804 -1073 | 483602 -1071 | 356295 1071 | 12,4179 -10713 | 2,66207 -1071 = 745095 -1073 | 10,5892 -10713
(QP:IOO), BT
Signal strength at the entrance pupil
(szloo), W

[oporoBoe 4ncno -3 3919 3313 3259 3968 3776 3964 3963
Threshold number photoelectrons, ph-el

Yucno -3 hoHa, 10° -3 5,05659 2,86552 2,68662 6,59922 4,50697 6,96803 709626
The number of background
photoelectrons, ph-el - 106

MotLHOCTb curHana Ha pix (Q,=100), BT | 506997 -1073  2,94778 -1073 | 210869 -103 = 73494 -1071° | 145246 -1071° 403713 -1071* 573749 -1073
Signal power per pixel (Qp: 100), W

Ko duumeHT nponyckanms armocdepsl 0,24504 0,58461 0,39113 0,35306 0,57893 0,02914 0,26791
Atmospheric transmittance

10

MoporoBas 0CBElIeHHOCTb Ha BXogHOM 16,6219 -1077 | 9,82512 -10777 723835 -107Y7 252653 -1077 = 541021 -10°7 = 15146 -10777 | 21,5176 - 107V
3pauke, BT/ cm?

Threshold illumination at the entrance
pupil, W/ cm?

11

MWH. OCBELLIEH. CUTHA/IOM Ha BXOAHOM 16,6602 -10716 | 985186 10716 | 725838 -10716 | 252975 -1071 | 542313 -10716 | 151789 -10716 = 21,5721-10716
3pauke (Qp: 100), BT/ cm?

Min. illumination by the signal at the
input pupil (Q,,=100), W/ cm?

12

MWH. OCBELLIEH. CUTHAJIOM BHE aTMOC- 6,79876 -10715 | 1,68517 -107** 1,85574 -107> = 716518 -1071* = 093673-10715 52,0784 -1071* = 80519 -1071°
depol (Q,=100), BT/ cw?

Min. illumination by the signal outside
the atmosphere (Qp =100), W/cm?

13

OCBeLLEHHOCTb BXOAHOT0 3payka, oTpa- | 60,522 -10716 | 49567 -10716 24920 -10716 | 151,70 -107%6 = 72243 -1076  0,1081 -107'® | 59096 -107'6
XeHHOr0 0T KO CONHEYHOr0 13NTy4eHus,
B/ cm?

llumination of the entrance pupil by solar
radiation reflected from SO, W/ cm?

14

OTHOLLEHWE CUrHASI-LLYM MO TOKY NpK 35,97 49,57 33,85 57,66 13,09 0,0716 2,75
curHane noaceetku KO ot ConHua

The signal-to-noise ratio by the current at
the illumination signal from the Sun
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MUHHMMaIbHAs OCBeIleHHOCTb, Co3faBaeMast GOHOM
Ha IHKces1, cooTBeTcTBYeT HMK-miogayariasoHam 1,8-2,6
u 3,2-4,2 MKM. IIo3ToMy B 3THX AHAIla30HaX BpeMs
HaKOILJIEHHUsI CUTHaIa OylieT MaKCHMAIbHBIM K PaBHO
20 mc. Taxkas BeIMYMHA BpeMeHHU HaKOIUIeHHs obecrie-
YHBaeT YacTOTy KagpoB 50 I'.

IIpu pacuere HK-cucrem OBUIM IIPUHSTH TPHU
OTrpaHHYeHHUS:

* UYNCIO 3JIKTPOHOB HAaKOIUIeHUSI, OrpaHHUYeH-
HOe BeJIMYMHON eMKOCTH HaKOIUIeHHS ITHKCesa,
1,1-107 371eKTPOHOB;

* MaKCHUMJIbHOe BpeMsl HaKOIUIeHHS, OIpPaHU4YeH-
Hoe JIJTUTeJIPHOCTBIO Kaapa, 20 Mc;

* MHMHHMAaJIbHOE BpeMs HaKOIUIeHHS, OTpaHHUYeH-
HOe [TapaMeTpaMH MaTpHUIlel, ~10 MKC.

MakcumasibHOe ¥ MHHHMAJIbHOE BpeMsi HaKoIljIe-
HHS OTPaHHUYHBAIOT JUHAMHUYECKHUM [JHAIa30H BXO-
HBIX CUTHAJIOB. IIpy BbI6OpE CIIEKTPAIBHOIO JHUAIla30Ha
BKHOE 3HaUeHHe MMeeT YPOBeHb BHeIlITHero poHa, IIpyu
KOTOpoM obecrieqrBaeTcss MaKCHMHM3aLMs OTHOIIe-
HMS CUTHaj1/1uym. IIoporosasi OCBeIleHHOCTb Ha BXOZ-
HOM 3payke MHHHMMAJIbHA B IIoAgHariasoHax 1,8-2,6
U 3,2-4,2 MKM. HeckombpKko Xyske CUTyalys ¢ GOHOBBIM
M3/Iy4eHreM OKa3bIBaeTCs B IloAararasoHne 1,4-1,8 MKM.
[NonyyeHHbIe pe3y/IbTaThl He YUYMTHIBAIOT CIIEKTPabHOe
IIPOITyCKaHHe aTMOCOepHI.

MUHMMajbHasi OCBEIIeHHOCTh CHUIHAJIOM BXOA-
HOro 3payka, IIepecYHTaHHas BHe aTMOChephl
(cm. Tabn. 1) mpu Q,=100 B CIIEKTPAIBHOM [Haria3oHe
3,2-4,2 MKM, cocTasiseT 0,937-10° Br/cm?. B muamaso-
Hax 1,4-1,8 MM coctasisger 1,685-107%° Br/cMm? U B [ua-
rnasode 1,8-2,6 MkM cocTasisger 1,856-10° Br/cm?.
3neck Q, ~ OTHOIIEHHe CUTHA/I-IITYM 10 MOIIHOCTH.

HauMeHBbIIyI0 YyBCTBUTEJIBHOCTh MMEET CIIeKTpPaslb-
HBIM JHanasoH 4,4-5,2 MKM, KOTOpBIH B 66,8 pa3 xysKe
JuarasoHa 3,2-4,2 MKM. OKOHYATe/IbHBIN BBIBOJ O HAH-
JydllleM CIIeKTPaJIbHOM [HaIla3oHe MOXKHO CHe/aTh,
TOJIBKO 3Hasl CIIeKTpaJibHOe paclipefie/ieHHe CHUTHajla
OT LIeJ/IH.

HcxonHble JaHHBIE [JIS1 pacyeTa CUTHaIa OT PAKeTh
CIIeAyIonye:; paguyc pakersl R,=0,5 M; IJIMHA paKkeTsl
L,=2 M; DAJIBPHOCTb OT IIOBEPXHOCTH 3eMJIH [0 PaKeThI
paccumuThiBaeTCs A1 TpeX 3HaueHMH: Dp =360, 160,
50 kM IIpy 3Ha4veHHAX TemrepaTypsl 300, 500 u 700 K,
COOTBETCTBEHHO; KOIQQUIIMEHT OTPa’KeHUsI PaKeThl
K.=0,5; yron mexxny HampasieHHeM Ha COJIHIIE U HOP-
MAJIBIO K IUIOCKOCTH, OPTOTOHA/IBHOM K ITPOJOJIBHOM OCH
KO §1=30°; yron Mexay HaIrpaBleHHeM Ha IIPHEMHHK
U [IepIIeHANKY/ISIPOM K IUVIOCKOCTH,, IIepIIeHANKYISPHOM
npomonbHOM ocu KO §2=30°; yronm Mesnmy HaripaBiie-
HyeM Ha ConHIle oT KO 1 HallpaB/leHHeM Ha IIPUeMHUK
y=90°. OcTajipHbIe ITapaMeTphl Te 3Ke, YTO MCIIOIL30Ba-
JIHCB IJ14 PacyeTa [IOpPOroBOK YYBCTBUTEIBHOCTH.
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of the atmosphere and the characteristics of com-
mercially available matrices containing a built-in
interference filter (IF). The Falcon matrix by SCD
(Israel) can operate in the range of 1.0-5.45 pm, has
a built-in factory IF in the range of 3.6-4.9 pm. The
cooled IF is not replaceable, since it is installed in
a sealed case. Selex ES manufactures a similar Eagle
matrix. In this case, the required IF sub-range can be
selected.

It is also important to assess the level of the exter-
nal background in order to maximize the SNR. In
Fig. 2 shows the dependence of the spectral bright-
ness of the sky background at an elevation angle of
15° in the range of 0.9-5.3 pm. In the calculations of
the mid-IR range, we use the parameters of the Fal-
con matrix, for the near-IR range, we use the same
parameters.

The initial data for calculating the threshold sen-
sitivity in different spectral sub-ranges are displayed
on the input panel for the initial data (see Appendix):
lens diameter D;=250 mm; focal length F;=720 mm;
transmission coefficient of receiving optics K,,,=0,7;
maximum accumulation time 20 ms; elevation angle
B=15°; meteorological visibility range S, =20 km; rel-
ative air humidity V=80%; air temperature T=22 °C.
The results of calculating the IR system in different
spectral ranges are presented in Table 1.

The minimum illumination created by the back-
ground per pixel corresponds to the infrared sub-
ranges of 1.8-2.6 and 3.2-4.2 pm. Therefore, in these
ranges, the signal accumulation time will be maxi-
mum and equal to 20 ms.This accumulation time
provides a frame rate of 50 Hz.

When calculating IR systems, three restrictions
were taken:

« the number of accumulation electrons, limited
by the value of the accumulation capacity of the
pixel, 1.1-107 electrons;

« the maximum accumulation time, limited by
the frame duration, 20 ms;

« the minimum accumulation time, limited by
the matrix parameters, ~ 10 ps.

The maximum and minimum accumulation times
limit the dynamic range of the input signals. When
choosing a spectral range, the level of the exter-
nal background is important, at which the signal-
to-noise ratio is maximized. The threshold illumi-
nation at the entrance pupil is minimal in the
sub-ranges of 1.8-2.6 and 3.2-4.2 pm. The situation
with background radiation is somewhat worse in the
1.4-1.8 pm sub-range. The results obtained do not
take into account the spectral transmission of the
atmosphere.
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CUTHANT OT KOCMNYECKOIO OBBbEKTA
B BUAE PAKETDI
CIIeKTPa/IbHBIM COCTAaB H3JIy4eHUsI PaKeThl COCTOUT
13 TPeX COCTaB/ISIOIIMX:
1. cobcTBeHHOEe TeIIOBOe M3JyueHHe KOPpIIyca
PaKeThl;
2. TeIlIoBOe H3/lyueHHe paKesa paKkeThl;
3. OTpakeHHOe OT paKeThl U3lydeHHe COMHLIA.

1. Cob6cTBEeHHOE Tern0Boe nsjlyyeHue
Kopnyca pakeTbl

CobcTBEeHHOe TeIIOBOe U3/TyueHHe PaKkeThl, UMelollee

TemItepatypy T, paccumnthiBaercd miagd AYT B 3amaH-

HOM CIIeKTPaJIbHOM JHala3oHe 1o opmyie [4]:

R(T)=¢- J.:[Cl /7»5]~[1/{(exp(c2 /kT)—l}}dk , B cm?2,

roe C;=3,7415-10% [BT-cm2- MrkM*];

C,=1,43879-10* [MrM-K];

T - Temnepatypa AYT;

K, A - OjiiHAa BOJIHBI, MKM;

A;, A, - TPAaHHUIIBI CIIEKTPATIBHOTO JHATIA-

30Ha [MKM];

€ - KO3QOUIIMEHT HU3/TyYeHuUs,

npuHUMaeM £=0,5.

3aBUCHMMOCTb BBICOTHI PaKeTbl H,, HajJ IIOBepXHO-

CTBIO 3eMJIH OT AAJIBHOCTH D,, 10 Hee IIpH IIOCTOSIHHOM
yrie MecTa 3 HaxonuM B Bupe [5]:

2 .
H, =RENI+(%) +72fomﬁ —1},
E E

rae Ry - pampuyc 3eMiiu 6371 KM.

IIpu yrine mecta P=15° u mampHOCTH D,,=360 KM,
BBICOTA PaKeThl HaJ IIOBEPXHOCTbIO 3eM/IM paBHa
H,=102,5; opu pmaneHocTd 120 KM - H,=43,27 KM
Y OpHU JaabHoCTH 50 kKM - H;=13,12 kM.

s pakeTel, PacCIIOJIOKeHHOM Ha  BBICOTe
H,=102,5 kM oT 3eMH, ee TeMIiepaTypa paBHa 300 K.
Korzma pakeTa BXOOHUT B 6oJlee IUIOTHBIE CJIOM aTMOC-
depsl (<70 KM), ee TemIepaTypa pacTeT. Ilpu
H,=43,27 xm npuHuMaeM TemiepaTtypy T=500 K,
a npu H,=13,12 KM »OpHUHHUMaeM TeMIIepaTypy
T=700 K. 3Tu OaHHBIe HCIOAb3yeM B AaJTbHEHIIHX
pacueTax.

Ha BricoTax 50-55 KM ¥ HH>Ke BO3HHKAET CBeUeHHe
(1asmoobpa3oBaHue), U BeJIMYMHA CHTHAjIa Pe3KO
BO3pacTaer.

B Tab1. 2 mpeAcTaB/ieH pacyeT SHEpreTHYecKok cBe-
TUMOCTH AYT ¢ Ko3pdpuneHTOM M3IydYeHUs 0,5 1jid
Tpex TeMriepatyp: 300, 500 u 700 K. PacueT ocBelneH-
HOCTH BXOJHOT'O 3pauyKa 06beKTHBA 1 OTHOLIEHHe C/III

=

The minimum illumination by the entrance pupil
signal, recalculated outside the atmosphere (see
Table 1) at Q,=100 in the spectral range of 3.2-4.2
pm, is 0.937-10"° W/cm?. In the ranges 1.4-1.8 pm
itis 1.685-107% W/cm? and in the range 1.8-2.6 pm it
is 1.856-107> W/cm?. Here Qp is the signal-to-noise
power ratio.

The lowest sensitivity has a spectral range of 4.4-
5.2 pm, which is 66.8 times worse than the range
3.2-4.2 pm. The final conclusion about the best spec-
tral range can be made only by knowing the spectral
distribution of the signal from the target.

The initial data for calculating the signal from the
rocket are as follows: rocket radius R,,=0.5 m; rocket
length L,=2 m; the distance from the Earth’s sur-
face to the rocket is calculated for 3 values: Dg,=360,
160, 50 km at three temperatures of 300, 500 and
700 K, respectively; the reflection coefficient of the
rocket is K,=0.5; the angle between the direction
to the Sun and the normal to the plane orthogonal
to the longitudinal axis of the SO §1=30°; the angle
between the direction to the receiver and the per-
pendicular to the plane perpendicular to the longi-
tudinal axis of the SO §2=30°; the angle between the
direction to the Sun from the SO and the direction
to the receiver y=90°. The rest of the parameters are
the same as those used to calculate the threshold
sensitivity.

SIGNAL FROM A SPACE OBJECT
IN THE FORM OF A ROCKET
The spectral composition of the rocket radiation
consists of three components:
1. intrinsic thermal radiation of the rocket
body,
2. thermal radiation of the rocket torch,
3. solar radiation reflected from the rocket.

1. Intrinsic thermal radiation of the rocket
body

The intrinsic thermal radiation of the rocket, which

has a temperature T, is calculated for the blackbody in

a given spectral range by the formula [4]:

R(T)=¢-["[C./2° ] [1/{(exp(C, /AT)-1}]dh , Br-cu?,

where C;=3.7415-10* [W-cm™ 2 - pm*];
C,=1.43879 - 10* pm - K;
T is the blackbody temperature;
K, Ais the wavelength, pm;
A, A, are the boundaries of the spectral
range [pm];
€ is the emissivity, we take £=0.5.
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II0 TOKY IIPH COOTBETCTBYIOIIMX HA/IBHOCTSX 360, 120
1 50 KM TakKe ITpe/iCTaB/IeHs! B Tab. 2.

BrelbrpaeM TpaeKTOPHIO II0JeTa TAaKOHM, YUTO IIPU
yMeHbIIeHUM [JaJbHOCTU [0 PaKeThl IIPOMCXOJHT
YMEHBIIIEHHE BBICOTHI I10/IeTa U IIOBBIIIEHKEe TeMIIepa-
TYpbl OOIIMBKU PaKeThI.

AHanM3 JaHHBIX Tabs1. 2 IoKasas caenyoolee. [Ipu
T=300 K B 6mmkgem UK-muamasone 0,9-1,3; 1,4-1,8;
1,8-2,6; 0,9-2,6 oTHomeHHe c/wm <<1l. B cpenHem
HK-guamasoHe 3,2-4,2 u 3,0-5,2 oTHOIIeHHe C/II <7
U, CJIefIoBaTe/IbHO, IT0TpebyeTcs HaKOILIeHHe Ka/lpoB,
a B mogmuarmnasoHe 4,4-5,2 ¢/ <1.

IIpu T=500K B 6mkHem MK-mogmuamnasode 0,9-1,3
OTHoOIIeHHe c/1I <<1, a B rogauara3ode 1,4-1,8 oTHO-
IIeHMe C/II <7 U, CJIefIoBATelbHO, IToTpebyeTcss HaKo-
IUIeHHe KagapoB. B moppuamnasoHax 1,8-2,6 u 0,9-2,6
OTHOIIeHHe ¢/ >>1. B cpegHem MK-nuamna3oHe OTHO-
IIeHMe ¢/ I BO BCeX Mojararna3soHax >>1.

IIpu T=700 K Bo Bcex moagMarias’oHax OTHOLIEHHe
c/m >>1,

B COOTBeTCTBHM C 3aKOHOM cMellleHHs1 BuHa [3],
CIIeKTpa/JIbHasl SPKOCTb M3JIyYeHHSI YEePHOTO Teja
Ha eAVHUILY JJIHHBI BOTHBI JOCTUIAeT IIMKa Ha JJIHHe
BOMHBI A,,,=2898/T. COOTBETCTBEHHO MaKCHUMYyM

R R RN R R R AR R RN N RN R R RN AR R R RN NN
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The dependence of the height of the rocket H,, above
the Earth’s surface on the distance D,, to it at a con-
stant elevation angle B is found in the form [5]:

2 .
H,=R, \/1+(&] +2DoSINB g |
R; R;
where R; is the Earth’s radius of 6371 km.

At an elevation angle B=15° and a range of
D,=360 km, the height of the rocket above the
Earth’s surface is equal to H,=102.5; at a range
of 120 km - H,=43.27 km and at a range of
50 km - H,,=13.12 km.

For a rocket located at an altitude of H,,=102.5 km
from the Earth, its temperature is 300 K. When the
rocket enters the denser layers of the atmosphere
(<70 km), its temperature rises. At H,,=43.27 km, we
take the temperature T=500 K, and at H,=13.12 km,
we take the temperature T=700 K. These data will be
used in further calculations.

At heights of 50-55 km and below, a glow (plasma
formation) appears, and the signal increases
sharply.

Tabnuua 2.CobCTBEHHOE M3/TyYeHMe OBLUMBKMN PAKETbI A8 PA3INYHbLIX CNEKTPasbHbIX AMana3oHOB
npwn T=300, 500 1700 K
Table 2.Intrinsic radiation of the rocket skin for different spectral ranges at T=300, 500 and 700 K

R(T=300), BT/cm? 1,833-1074 2,01-10710 2,5539-107%7 2,556-10°%7 71394-10°° 272-107* 3,8245-107*
R(T=300), W/cm?

E_in, BT/cM2npn D=360 KM 1,01089-10726 49986910722  4,24948-107%9 | 3,83935-1071° | 1,75833-107%6 | 3,37252-107Y | 4,35892-10716
E_in, W/cm2withD=360km

Q;, npy D=360 KM 1,148-10710 5,072-107° 5,831-1073 1,504-1073 3,1949 0,2233 2,029

Q;, withD=360 km

R(T=500), BT/cm? 8,2786-1078 1,5092-107° 74931-107* 76473-107* 1,1221-1072 1,4569-1072 3,0168-1072
R(T=500), W/cm?2

E_in, BT/cM2npn D=160 KM 4369-1071° 1,0001 - 10716 6,3119-10715 5,8148-10715 1,3991-10713 9,1453-107° 1,7406-10713
E_in, W/cm?2with D=160 km

Q;, np D=D=160 KM 2,625-1073 1,927 84,41 22,51 111768 58,73 572,56
Q;, withD=D=160 km

R(T=700), BT/ cm? 6,828-107° 2,078-1073 2,6159-1072 2,841-1072 0,10293 8,19825 0,22371
R(T=700), W/cm? 1072

E_in, BT/cM2npu D=50 kM 3,86726-1071>  2,74625-10713 | 2,29122-10712  2,26142-10712  1,32301-107'! | 5,32701-107'% | 1,33056-107!
E_in, W/cm2withD=50km

Q;, npy D=50 Km 23,83 121731 1853,88 1600,35 193244 1239,65 1887,82
Q;, withD=50 km
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Tabnunua 3. CobCTBEHHOE M3/TyHeHME PaKeTbl AN18 PA3INYHbLIX CMeKTpanbHbIX Anana3oHoB npm T=2000 n 2500 K
Table 3. Intrinsic radiation of the rocket for different spectral ranges at T=2000 and 2500 K

1,4-1,8

0,9-2,6

3,2-4,2 4,4-52

R(T=2500), W/cm?

R(T=2000), BT/cm? 6,5214 7,9698 11,5368 28,0587 4,6245 17122 8,3501
R(T=2000), W/cm?
R(T=2500), BT/cm? 24,2329 20,0872 23,4784 73,7522 7,4656 2,5744 13,3692

SIPKOCTH H3/1y4eHHs IIPH BbIOPAaHHBIX TeMIIepaTypax
BO3HMKAET Ha COOTBETCTBYIOLIMX JJIMHAX BOJIH:
e 1pu T=300 KHa A=9,66 MKM, YTO COOTBETCTBYET
JanpHeMy MK-nuamasony;

e npuT=500KHaA=5,796 MKM, UTO COOTBETCTBYeT

cpenHeMmy MK-nuarasony,

 1pu T=700 K Ha A=4,14 MKM, 4TO COOTBETCTBYET

cpenHeMy MK-nuamasoHy.

CnemoBaTesibHO, C TOYKH 3peHUS ONTHMH3ALMH
npreMa curHaza ot OK c Temmnepatypou 300 1 500 K
KCIIOJIb3yeMble IIOAJHAIIa30Hbl He SBJISIOTCS OIITH-
MaIbHBIMH. [Ipu BeICOKHX cKOopocTsix OK 6oree 5 MAX
M CHIDKEHUM BBICOTHI I10JIeTa TeMIlepaTypa oOIIKBKYU
paxeTsl focturaer 2000-2500 K [4].

B Tab1. 3 mpefcTaB/IeH pacyeT SHepreTHYecKOk CBeTH-
moctu AYT ¢ kos3dpduivenTom usnydenus 0,5 s Tem-
repaTypsl obmuBKE pakeTsl 2000 1 2500 K. M3 3aKkoHa
CMeleHHus BUHa C/lefyeT, YTO MaKCUMYM SPKOCTH
H3/Iy4eHHsI BO3HHKaeT: IIpu T=2000 K Ha A=1,449 MKM,
YTO COOTBETCTByeT OmrkHeMy HMK-muamasoHy; HOpH
T=2500 K Ha A=1,1592 MKM, 4YTO COOTBETCTBYeT TaKoKe
6mkHeMy HK-muanasoHy. BenwunHa CBeTHMOCTH
OK, mperncraBineHHas B Tabn. 3, 6ymeT JoCTaTOYHA IS
YBEPEHHOT0 MpHeMa CHIHajia. AHQJIU3UPYS HAaHHBIE
Tabn. 3, obHapykuBaeM, YTO MaKCHMaJIbHAsl CBETH-
MOCTb JISKUT B IIofauariasose 0,9-2,6 MKM C Haubosib-
IIei CIIeKTPaJIbHOM II0JI0COH 1,7 MKM.

2. WU3ny4yeHue pakena paketbl

B pesynbTare mpolecca ropeHHsi obpasyloTcst yrie-
KHUC/IBIHA Ta3 U [apbl BoAel. [1o3TOMY cBemeHHUS 06 UX
CIIeKTpax IIpefCTaB/SIIOT HHTepec IIPUMeHHUTEeIbHO
K OLIeHKe M3/1y4yeHHs paKkenoB pakeT U TypbOpeakTHB-
HBIX JBUTATe/IeN CAMOJIeTOB.

Ha puc. 3 moKkasaH CIeKTp IUVIaMeHU 6yH3eHOBCKOM
ropenku [4]. CuabHas Ionoca H3Ay4deHHUs Habmona-
eTCs Ha JyIMHe BOJIHBI 4,4 MKM, a 6oree citabas U bojee
IIKpoKasi Iojoca - Ha 2,7 MKM. Ilonoca 2,7 MKM obpa-
3yeTCcs B pe3y/bTaTe HajIO’KeHHSI HEeCKOJIbKHUX I10J10C
BOJASHOIO Iapa U YIVIEKHUCIOTHI, a Iosnoca 4,4 MKM
ABJseTCA II0JIOCOM YIJIEKHMCIOTO rasa. B IameHH

Table 2 shows the calculation of the energy lumi-
nosity of an absolute blackbody with an emissivity of
0.5 for three temperatures: 300, 500, and 700 K. The
calculation of the illumination of the entrance pupil
of the objective and the S/N ratio by current at the cor-
responding distances of 360, 120, and 50 km are also
presented in Table 2.

We choose a flight trajectory such that when the
range to the rocket decreases, the flight altitude
decreases and the temperature of the rocket skin
rises.

Analysis of data from Table 2 showed the following.
At T=300 K in the near infrared range 0.9-1.3; 1.4-1.8;
1.8-2.6; 0.9-2.6 S/N ratio <<1. In the mid-IR range
3.2-4.2 and 3.0-5.2, S/N ratio <7 and, therefore, the
accumulation of frames will be required, and in the
sub-range 4.4-5.2, S/N<1.

CreKkTpajbHas IIJIOTHOCTD M3yUeHUs, OTH. ef.

| |
1 2 3 4 5

JUTMHA BOJIHBI, MKM

Puc. 3. Cnexmp u3ny4eHus byH3eH08CKOU 20penku
Fig. 3. Emission spectrum of the Bunsen burner
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[10JI0Ca M3JIy4YeHHUs IIKpe, YeM COOTBETCTBYIHOINAs
[1ojioca IIOIVIOIIeHMs, IpHYeM IIoj0ca H3Iy4eHUs
COBHMHYTA B CTOPOHY boJiee IIMHHBIX BONIH. CIIeKTPHI
Pas3/JIMYHbIX TUIIOB IIJIAMEeHU 04YeHb II0X0KH. [l BCcex
XapaKTepHa CHJIbHAS I10j10Ca M3JIy4eHHs B Ipeneax
4-5 MKM U bosee cmabast mmonoca mpu A<3 MKM. BaskHO
OTMEeTUTb, YTO CIeKTpajbHasg SPKOCTb 3MUCCHOH-
HOI1 I10JIOCHI He MOXKeT IIPeBOCXOJUTH CIIeKTPAIbHYIO
SIPKOCTB aOCOTIOTHO YepHOTO Tesla IIPH TOM ke IJINHe
BOJIHEBL U TeMIIepaType.

AHalOTH4eH CIIeKTPy H3/1y4deHHUs OyH3eHOBCKOM
TOpe/IKK CIIeKTp ¢akeia pakeTsl Ha BblcoTe 40 KM
OT IOBePXHOCTH 3eMnu (puc. 4). B clieKTpe UMeIOTCs
3 MakcuMyMa (B HOpPMHPOBAHHOM BH[e): 1) Ha [IHHe
BOJIHBI 2,6 MKM ~ aMIIIMTyda 0,59; 2) Ha I He BOJIHBI
4,25 MM - amImuinTtyAa 0,74; 3) Ha [JIMHE BOJHBI
4,6 mrm - ammautyga 0,93. COexTp H3Iy4YeHUS
¢dakena pacrionoxkeH B guarasoHe 1,0-6,1 MKM.

TakuM ob6pa3oM, 3a cuyeT BapHaLlMK TeMIlepa-
Typel M [aBJIeHUs BHYTPU IVIAMEHHU CIIeKTp H3JIy-
YeHHMs Pa3IMYHBIX PaKeT HeCKOJbKO BHIOM3MeEHS-
eTCs, HO He3HauUTeJIbHO. [IpH 3TOM CIIeKTpa/ibHbIe
y4acTKH aTMocdepsl 4,2-4,4 MKM U 2,6-3,2 MKM SIBJISI-
I0TCSI 00JIACTSIMU CHJIBHOTO IIOIJIOIIEHMS H3/Ty4YeHUs
3a CYeT BOJSHOIO Ilapa M YIVIeKUCIoro rasa. K coxa-
JIEHHUIO, H3-3a OTCYTCTBHUS abCONIOTHBIX 3HAYeHHH
MHTeHCHBHOCTH CIIeKTpa ¢akejia paKeThl IPOBECTU
OLIEHKY YPOBHS CHMI'Ha/Ia Ha BXOLHOM 3pauke IIpHeM-
HOro 06BeKTHBA 3aTPYHEHO.

OCHOBHble MaTeMaTHU4YecKmne COOTHOLLEeHUS

AN onpepeneHns NoporoBoi 0CBELLEHHOCTU

Ha BXOAHOM 3payke npubopa

CyIecTBeHHOM 0COOEHHOCTBIO IIpeJIaraeMoro 3Hep-
TeTHYeCcKOro pacyeTa SIBISIeTCS] HaXOKIeHHe Oy CTH-
MOTO BpeMEeHH HAaKOIUIEHHS, a 3aTeM HaXOOHUM COOT-
BETCTBYIOILIYI0 CKOPOCTh CYeTa CUTHAJIbHBIX GOTOHOB
IIPU 3aJaHHOM OTHOIIEHHUH C/ I,

CropocTh cyeta GOTOHOB m;, [c!] Ha 3memeHTe
MAaTpHUIBI, CBSI3aHHASI C H3/Iy4eHHeM aTMocCepsl
B CIIeKTPAJIbHOM Auara3oHe A\, uMeeT BUZ, [6]:

ny=L\AN(a/E)’T,, S/ E,,

rae L) - cieKTpasibHasl SIPKOCTh THEBHOTO Heba
[BT-cm™?-MrM - cpll;
AN=A,-A, - 3T0 mOJIOCA CIIEKTPAIBHOTO AHAIIa-
30HA [MKM];
A, A, - TPaHHUIIBI CIIEKTPAJIBHOTO JUATIa30Ha;
a - pa3mep IIHKCcesIa 31eMeHTa MaTpPHULIbI (CTOpoHa
KBazparta) [cMm];
F; - poKyCHOe pacCTOsTHHe IIPHeMHOr0 06beK-
THUBa [cM];
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Puc. 4. Tunosoll cnekmp u3AyveHus pakeaa pakemboi

Ha ebicome 40 Km

Fig. 4. Typical radiation spectrum of a rocket torch at an
altitude of 40 km

At T=500K, in the near-IR sub-range of 0.9-1.3, the
S/N ratio is <1, and in the 1.4-1.8 sub-range, the S/N
ratio is <7 and, therefore, the accumulation of frames
will be required. In the sub-ranges 1.8-2.6 and 0.9-2.6,
the S/Nratio is >>1. In the mid-IR range, the S/N ratio
in all sub-ranges is >>1.

At T=700 K in all sub-bands, the S/N ratio >>1.

In accordance with Wien’s displacement law (3],
the spectral brightness of blackbody radiation per
unit wavelength reaches a peak at the wavelength
Amax=22898/T. Therefore, the maximum brightness
of radiation at the selected temperatures occurs at the
corresponding wavelengths:

« at T=300 K at A=9.66 pm, which corresponds to

the far IR range;

e atT=500 K at A=5.796 pm, which corresponds to

the mid-IR range;

« at T=700 K at A=4.14 pm, which corresponds to

the mid-IR range.

Consequently, from the point of view of optimiz-
ing the reception of a signal from the OC with a tem-
perature of 300 and 500 K, the used sub-bands are not
optimal. At high velocities of more than 5 MAX and
a decrease in flight altitude, the temperature of the
rocket skin reaches 2000-2500 K [4].

Table 3 shows the calculation of the energy lumi-
nosity of a blackbody with an emissivity of 0.5 for
a rocket skin temperature of 2000 and 2500 K. It fol-



RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN NRRRN
OPTICAL ELECTRONIC SYSTEMS & COMPLEXES

=

Tope=T  Tjp ~ KO3QGHUIIHEHT ITPOITYCKAHHS ITPHUEM-
HOMU OIITHKH,;

T; 11 Tjp - K03GOULIMEHTHI IPOITYCKAHHUS 06beK-
THBAa U UHTePPePeHIIMOHHOI0 GUILTPa, COOTBET-
CTBEHHO;

S;=m(D;/2)? - miowaap IpHeMHOro 06BeKTHBA
nuameTpoMm D, [cm];

E,=h-c/A,-107 - sHeprus kBanTa [[[K];
h=6,6256-1073* [[I>k-c] - mocTosgHHas [IaHKa;
c=3-10% M/C - CKOPOCTb CBETa;

Ao ~ CpenHsis AIMHA BOMHBL [MKM], Ag=(A;+A,)/2.

B [6] mpencraBieHbl rpadHUKH 3aBUCHMOCTH L,
[JI OUCKPeTHBIX yrioB Mecta: 0; 7,2; 30 rpax. I'pa-
¢uKky O6bIIM OLMOPOBAHBI, W BBIIIOJIHEHA CIUIAMH-
annporcumanus [7] ans aoboro 3HadeHHS yIia.
[Ipu yriaax 6omsmie 30° ypoBeHb $OHA aTMOCHeEpEI
yMeHbIaeTcs. I103ToMy B pacyeTax IIpH yIjlaX MecTa
bosnblie 30° 3HaUeHUe YpoBHSI PpoHaA OepeTcsi paBHBIM
€ro sHaveHHIo IIpu 30°.

Ecniu HUK-00BeKTUB CIeI[Ma/IBHO He OXJIaKOAeTcs,
TO OH SIBJISIETCS MUCTOYHUKOM (POHA, M ero MOXKHO pac-
CMaTpHUBAaTh Kak abcomioTHO yepHoe Teno (AYT) ¢ Tem-
nepatypor T. ITpu 3Tom bygemM CIHUTATh, YTO I10JIeBast
JuadparmMa yCTaHOB/IIEHA B OXJIaXKJAaeMOM MaTpH4-
HOM IIpHeMHHUKe.

3akoH usnydeHus AUT /1 IJIOTHOCTH UCITYCKaHUSA
dotonoB F(A) [c!-cm?-MrMm 1 cpl] numeet Bup, [4]:

F\) =(C3/A%)/ [exp(C,/AT)-1].

3mech C;=1,88365-102 [c1-cm?- MrM3];
(,=1,43879-10% [MmrMm-K];
T - temnepatypa AYT [K].
CkopocTh cyeTa GOTOHOB OT obbeKkTHBA f; [c7l]
B 33JJaHHOM CIIeKTPJIbHOM JHarasoHe [8]:
= S,Ka (D /2E) [“E(2)dn,
rme S‘m:a2 - mwiomaap nukcena [cm?]; K,~koadpdunu-
eHT U3/1y4eHHs obbekTHBa, K,,=1-T).
MakcuManbHOe BpeMsi HabnofeHUs T,, U3Mepsie-
MoOe B CeKyH[J]aX, OTPAHUYEHO eMKOCThI0 HaKOIUIEHHS
nukcena C, [3]:

T, 2(CK,~N,,) / [n(ny+ny+ng) +ngl, oy

roe K, - xos3ppunumenr samaca, K,=0,7-0,8; N, -
YM(IO 371eKTPOHOB IIyMa CYMUTHIBAHHSA; I — KBAHTO-
Basi 3pPeKTHUBHOCTE MATPHILBL; Ny — CKOPOCTh CUeTa
CUTHAJIbHBIX (OTOHOB Ha 3JIeMeHTe MaTpPHIIbL;
ny = CKOPOCTH CYeTa TeMHOBBLIX 3JIeKTPOHOB, Nz=i/e;
i — TeMHOBOM TOK MAaTpHLBbI; € — 3apsf, 3/eKTPOHa,
e=1,6-10"1 K.

lows from Wien’s displacement law that the maxi-
mum radiation brightness occurs: at T=2000 K at
A=1.449 pm, which corresponds to the near infrared
range; at T=2500 K at A=1.1592 pm, which also cor-
responds to the near-IR range. The magnitude of the
luminosity of the OC, presented in Table 3, will be
sufficient for reliable signal reception. Analyzing the
data in Table 3, we find that the maximum luminos-
ity lies in the sub-range of 0.9-2.6 pm with the larg-
est spectral band of 1.7 pm.

2. Rocket torch radiation

The combustion process produces carbon dioxide
and water vapor. Therefore, information on their
spectra is of interest in relation to the assessment
of the radiation from rocket torches and aircraft
turbojet engines.

Fig. 3 shows the spectrum of the flame of a Bun-
sen burner [4]. A strong emission band is observed
at a wavelength of 4.4 pym, and a weaker and
broader band at 2.7 pm. The 2.7 pm band is formed
by the superposition of several bands of water
vapor and carbon dioxide, and the 4.4 pm band is
a carbon dioxide band. In a flame, the emission
band is wider than the corresponding absorption
band, and the emission band is shifted towards
longer wavelengths. The spectra of different types
of flame are very similar. All are characterized by
a strong emission band in the range of 4-5 pm and
a weaker band at A<3 pm. It is important to note
that the spectral brightness of the emission band
cannot exceed the spectral brightness of a black-
body at the same wavelength and temperature.

The spectrum of the rocket torch at an altitude
of 40 km from the Earth’s surface is similar to the
emission spectrum of the Bunsen burner (Fig. 4).
The spectrum contains 3 maxima (in normalized
form): 1) at a wavelength of 2.6 pm - an amplitude
of 0.59; 2) at a wavelength of 4.25 pm - an ampli-
tude of 0.74; 3) at a wavelength of 4.6 pm - an
amplitude of 0.93. The radiation spectrum of the
torch is located in the range of 1.0-6.1 microns.

Thus, due to variations in temperature and
pressure inside the flame, the radiation spectrum
of various rockets is somewhat modified, but
insignificantly. In this case, the spectral regions
of the atmosphere 4.2-4.4 pm and 2.6-3.2 pm are
regions of strong absorption of radiation due to
water vapor and carbon dioxide. Unfortunately,
because of the lack of absolute values of spectrum
intensity rocket torch, to evaluate the level of the
signal at the entrance pupil of the receiving lens
is difficult.
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C moMOIIBIO IMONy4YeHHON GYHKRIUHU T, =f(n,)
IIOCTpoeH IpaduK 3aBUCHMMOCTH BpeMeHH HaKoIlle-
HHUS OT CKOPOCTH CYeTa CUTHAJIbHBIX GOTOHOB B JIOTa-
pudmuydeckoM macmrTabe (puc. 5). PacueT BBIIIOTHEH
IUIs. UCXOAHBIX HAHHBIX, YKa3aHHBIX BbIIIE B CIIEK-
TPaJIbHOM 1oJI0Ce 3,2-4,2 MKM.,

OTHoOIlIeHHe /I MO MOIIHOCTH Ha BBIXOZe Mat-
PHILIBL OIIpefleIMTCA B BUe [3]:

Q,=(Nny- T/ N F-tlny +m+n) +ngt, e+ (N AL (2)

CKOpOCTb CYeTa CUTHA/IbHBIX GOTOHOB HAXOIUTCS
13 BBIPOKEH U (2):

ng=(FQ,/2nT,)(1+A), (3)
rae A={L+(4/FQ,)nt,n,+np +ny,+ (N, 2112
F=1-2, Ko3pPUILIMEHT yBeJIMUYeHU ] IIyMa.

Ha ocHoBaHMHU CcOOTHOLIeHHUS (3) IOCTPOeH Ipa-
®UK 3aBUCHMMOCTH OTHOIIEHHS C/II IO MOIIHOCTH
OT CKOPOCTH CYeTa CHUIHa/JIbHBIX POTOHOB ng (pHUC. 6).
HcxonHble JaHHBlE [l pacyeTa B3STHl K3 pHC. 5.
BupgHo (puc. 6), uto mpu n,=10" u 6onee orHomIe-
HHe C/II IpaKTU4YecKd He MeHSeTCS HM3-32 YMeHb-
IIeHUsI BpeMeHU HaOlIoJeHUus B COOTBETCTBHUU
¢ BIpakeHHeM ().

O6BIYHO NpPHEMHBIN OOBEKTHB YAOBIETBOpSET
npuHOUNy gudpaknuu ®payHropepa B GoKaIbHOU
IIOCKOCTH. IIpu 3TOM Ppa3Mep IHKCela J0JIKeH
OBITH CONPSDKEH C IVIaBHBIM JlellecTKoM. Ho maxke
B 9TOM C/ly4ae IIPOMCXOAUT II0Tepsl YaCTH SHepruu

CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey
ONTUKO-3JIEKTPOHHbIE CUCTEMbI M KOMNJIEKCbHI Il
CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey

Basic Mathematical Relations for Determining the Thresh-
old lllumination at the Entrance Pupil of the Device
An essential feature of the proposed technical calcu-
lation is finding the permissible accumulation time,
and then we find the corresponding signal photon
counting rate for a given S/N ratio.

The photon count rate n, [s™] at the matrix element
associated with atmospheric radiation in the spectral
range AA has the form [6]

ny=LANa/E)PT,, S/ E,,

where L, is the spectral brightness of the daytime
sky [W-cm™2-pm™-srj;
AN=MA,-\, is the band of the spectral range [pm];
A;, A, are the boundaries of the spectral range;
a is pixel size of the matrix element (side of the
square) [cm];
F, is the focal length of the receiving lens [cm];
Tope=T; T is the transmittance of the receiving
optics,
T, and Tj; are the transmittance of the lens and
the interference filter, respectively;
S;=m(D;/2)? is the area of the receiving lens with
a diameter D, [cm];
E,=h-c/)\y-107 is quantum energy [J];
h=6,6256-1073* [J-s] is Planck’s constant,
c=3-108m/s is speed of light;
A, is average wavelength [pml], Ay=(A;+A,)/2.

In [6], the graphs of the dependence of L, for dis-
crete elevation angles are presented: 0; 7.2; 30 deg.

21
19 -
17 -
15 -
13 -
11 -

BpeMs HaKOIUIEHU S, MC

= w U NV
T

1 2 3 4 5 6 7 8 9 10 11 12

CKOPOCTb OTCYETA CUTHAIBHEIX GOTOHOB, 1g(n_s)

Puc. 5. 3agucumocmb 8pemeHu HakonAeHus om ckopocmu
c4ema cuzHanbHbix OMoHO8 8 cnekmpanbHol nonoce
3,2-4,2 MKm

Fig. 5. Dependence of the accumulation time on the count
rate of signal photons in the spectral band 3.2-4.2 ym

Otrourenue c/i, 1g(Q,)

0 | | | | | |
5 6 7 8 9 10 11 12

CKODOCTB OTCUETa CUTHAJIBHEIX GOTOHOB, 1g(n_s)

Puc. 6. 3asucumocmb omHoweHus ¢/ W no MouyHocmu
0m CKOpOCMU c4ema cuzHanbHblx GomoHo8

Fig. 6. Dependence of the S/ N ratio by power on the count
rate of signal photons
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0,6 -

Kr4d
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Y

Puc. 7. 3asucumocmsp KI'5l pakemsl om y2na y

(kpusas 1: &=30°, &,=30°; kpueas 2: §=10°, §,=50°;
Kpueas 3: §;=10°, §,=10° kpueas 4: §=30°, {,=60°
Kpugas 5: &=0°, §,=30°)

Fig. 7. Dependence of the DBC of the rocket on the angle y
(curvel: &§=30°, &,=30° curve2: §=10° &,=50°;
curve 3: §,=10° &,=10° curve 4: &=30° &,=60°;

curve 5: §=0° &,=30°)

INPUMHUMAEMOro CHIHaja. JTa IIO0Teps YYHThIBa-
eTcsi KodpduureHTOM Y. [Iisi BBIOPAaHHBIX Xapak-
TEPUCTHUK OOBEKTHBA M MATPULBl IPUHHUMAEM
x=0,837.

Hcrionb3ys MpaBUIO CIOKeHUS JUCIIEPCUH C1ydal-
HBIX BeJIMYUH [7], HaX0OUM CpefHeKBaJpaTHUecKoe
OTK/IOHEHHE YM(/Ia IIYMOBBIX 3JIeKTPOHOB, CUMTAH-
HBIX C IIMKCeJIa MAaTPULIbI:

oy =[N F-1,(ny+n+ng) +nyta +(N,)2L2,

ITpuBefeHHasd MOIIHOCTD myMa P, [BT] K muKceny
MAaTpHLBI, IIPU KOTOPOX Q,=1, OITpefeTHTCs Kak

p,= OZEq/ntac'

BrIpaskeHHe )i BeJIMYMHBL IIOPOTOBOM OCBEILeH-
HocTH Ey, [BT/cM?] 06BeKTHBA NMeeT BUA:

En =Pn/T0thn(Dl/2)2'

Ecnn cyuTaTh, 4TO MHHHMAJIbHOE OTHOIIEHHe
C/II 110 TOKY, IIPU KOTOPOM ODHApPYy’>KHUBAeTCsl CUTHAT,
Q;=7 [3], To MOXHO OIpefeNUTh 3HaueHUe MHHU-
MaJIBHOM OCBEIMEHHOCTH Ejp =Py / [To,xm(D;/2)4], rre
Pyin=Eqfmin; Mymin ~ CKOPOCTH CHETa CUIHANBHBIX GOTO-
HOB, OIIpe/ie/IeTCst U3 BEIpakeHuUs (3) mpu Q,=49.

=

The graphs were digitized, and spline-approximation
was performed [7] for any angle value. At angles
greater than 30°, the background level of the atmo-
sphere decreases. Therefore, in calculations at eleva-
tion angles greater than 30°, the background level is
taken to be equal to its value at 30°.

If the IR lens is not specially cooled, then it is
a background source, and it can be considered as
an absolute black body (ABB) with temperature T.In
this case, we will assume that the field diaphragm is
installed in a cooled matrix receiver.

The law of blackbody emission for the photon
emission density F(A) [s'-cm?2-pm™-sr!] has the
form [4]

F(\)=(Cy/\%) / [exp(C,/AT)~1].

Here (;=1.88365-10% [s-cm - pm’];
C,=1.43879-10% [pm-K];
T is the blackbody temperature [K].
The count rate of photons from the objective n; [s7]
in a given spectral range [8]
M
n=S,K,(D,/2E) [ E(dn,
where S, =a? is pixel area [cm’]; K, is the emissivity of
the objective, K ,=1-T;.
The maximum observation time t,, measured
in seconds, is limited by the pixel accumulation
capacity C,[3]:

T, <(CK,~N,,) [ [In(ny+m+ny) +nyl, (1)

where K, is the safety factor, K,=0,7+0,8; N, is the
number of readout noise electrons; 1 is the quan-
tum efficiency of the matrix; n is the counting rate
of signal photons at the matrix element, n; is the
counting rate of dark electrons, ny=i;/e, i; is the
dark current of the matrix, e is the electron charge,
e=1.610-10"12KI.

Using the obtained function t,.=f(n,), a graph of the
dependence of the accumulation time on the count-
ing rate of signal photons is plotted on a logarith-
mic scale (Fig. 5). The calculation was performed for
the initial data indicated above in the spectral band
3.2-4.2 pm.

The signal-to-noise ratio in terms of the power at the
output of the matrix is determined in the form [3]

Q= (M- ng-t, 2 N Frrplmy+m+ng)+ng, + (N2 (2)

The signal photon counting rate is found from the
expression (2):
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3. OcBewWeHHOCTb BXOAHOI0O 3payKa
nsny4vyeHmem CosiHLA, OTPAXKEHHOro
OT paKkeTbl
PacCMOTPHUM CHUTHaJI Ha BXOZHOM 3padke IIpubopa
OT paKeThl LMJIMHAPHYECKOH (QOPMBI, OCBelleHHOH
ConHIleM, B pa3s/IMYHbBIX CIIEKTPAJIbHBIX AHMAMa30HaX.
[Ipu pacuete B KayecTBe ConHLA Hcmonb3yeM AUT mipu
TeMIiepatype 6000 K.PakeTa pacrosioskeHa Ha [ajlb-
HocTH 360 KM OT 3eM/IH, HMeeT paguyc r=0,5 M,
JnuHy H=2 M ¥ K03OULIMeHT oTpaskeHus p=0,3.
Haxonum siproctb Conmuua B(T, AN) [BT-m2-cpl]:

B(T, AD=R(T, A)-10*/m.

3areMm oIpesesIuM SIPKOCTb PAKETH B HAIIPABIEHUH
Ha O3C B, (T, Al) [BT-Mm2-cpl:

B,,(A) = B{(T, Al) pK (R / Lg.,, )2,

rae: Rg=6,9599-108[m] - paguyc ConHia; p - Koapdu-
LIMeHT OTpaskeHHUsI pakeThl; Ky - KoapduimeHT raba-
puTHOI sipkocty (KT'S) [9] mpu p=1, paBHBIN OTHOILE-
HUIO BUAKMou ¢ O9C 1oAY pakeTrl, 3aCBeYeHHOMU
ComnHIeM, K IIOJTHOM IIJIOMAAK PaKeThbl, 3aCBeUeHHOH
ConHueM; Ly, - paccTosHUe oT CONMHIIA 10 PaKkeTsl [M],
Ky, 3aBUCHT oT yriuoB y, &, §, u ompemensercs
B Bule Ky=S,,/S, (So=2rH; S, - IpoeKUHs IIOLIANHN
pakeTsl, 3acBeueHHOM ConmHIeM [M?]; S, - a3pderTHB-
Has IUIOIAAb pakeTsl [M?]) [8].

S,,=Spcos(§;) cos(§,)[( -5+ 0,5sin(28)cosd + sin38] /m,

rae cosd=cosy/[cos€; cosE,] +tgt, tg &, mpu y=(§+E,)
uy<180°-(§- €,
Y ~ Yol Mexkay HarpasieHUssMU: ColHILIe-pakeTa
U pakeTa-03C;
€, €, ~ YIJIBL MEXy IIOCKOCTBIO MTEePIIeHIUKYIISIP-
HOI IIPOJO/IbHOM OCH PaKeThl U HallpaB/leHHeM
Ha ConHLe u O9C, COOTBETCTBEHHO;
&8 - yron B IIOCKOCTH, ITepIIeHANKY/ISIPHO IIPO-
JOJIBHOM OCH PaKeThbl MEXAY IIPOeKL UMY Ha Hee
HanpaieHUH ConHIe-pakeTa U pakeTa-03C.
OCBeIeHHOCTh BXOJHOIO 3pauka o06beKkTHBa E
BT/cm? oripefienisieTcsl BRIpasKeHHeM:

’

en.p?

Een‘p = 1O_mBroTutmO\)SO / (DE-ro)z’
rae: Dg , - paccTosiHue 3eMIsi-paKeTa, KM;
TN — CPeIHUI KO3OPUITHEHT MTPOITYCKAHUS

aTMocdepsl B CIIeKTPaIBHOM AHaIIa3oHe AX.
OTHoLeHue ¢/ I10 TOKY Q; paBHO:

Q4'=EinpsobracAl/ [F{t,(Ag + nny) + (Nm)Z}]O,S’ (4)
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ny=(FQ,/2nT,)(1+A), 3)

where A={1+(4/FQ,)nt,(my+np) +n T+ (N2,
F=1-2, is the noise gain.

Based on relation (3), a graph of the dependence
of the S/N ratio in terms of power on the count rate
of signal photons n; is constructed (Fig. 6). The ini-
tial data for the calculation are taken from Fig. 5.
It can be seen (Fig. 6) that at n;=10'° and more,
the S/N ratio practically does not change due to
a decrease in the observation time in accordance with
expression (1).

Typically, the receiving lens satisfies the Fraunhofer
diffraction principle in the focal plane. In this case,
the pixel size must be matched with the main petal.
But even in this case, there is a loss of part of the
received signal energy. This loss is taken into account
by the y coefficient. For the selected characteristics of
the lens and matrix, we take y=0.837.

Using the rule of addition of the variances of ran-
dom variables [7], we find the root-mean-square devia-
tion of the number of noise electrons read from the
matrix pixel:

0y =[N-F-1,(ny+n+ng) +n ma + (N2,

The reduced noise power P, [W] to the matrix pixel,
at which Q=1 is defined as

P,=0:E,/NT,.

The expression for the threshold illumination
E;, [W/cm?] of the objective is:

Eth=Pn/TDthn(Dl/2)2'

If we assume that the minimum current S/N ratio
at which the signal is detected is Q;=7 [3], then we can
determine the value of the minimum illumination E,;
n =Psmin/ [Toptxn(Dl/z)Z] » Psin =Eqnsmin; Msmin ~ signal phOtOH
counting rate, is determined from expression (3) at

Q,=49.

3. lllumination of the Entrance Pupil by the
Radiation of the Sun Reflected From the
Rocket

Let us consider the signal at the entrance pupil of the

device from a cylindrical rocket illuminated by the

Sun in different spectral ranges. When calculating as

the Sun, we use the ABB at a temperature of 6000 K.

The rocket is located at a distance of 360 km from the

Earth, has a radius r=0.5 m, a length H=2 m and

a reflection coefficient p=0.3.
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rae A=K, xn/E,;
Ap=n(ny+m)+ny;
Trmin = Tac= Tmaxs
ns=EinpSobAl/r| ’
Ej,, ~ OCBEILIEHHOCTb CUTHA/IOM Ha BXOLHOM
3pauke 0OBEKTHUBA.

Hcrionb3ys 3aBUCHUMOCTD (4), pacCUMTHIBAEM OTHO-
IIeHHe C/II 10 TOKY AJIS Pa3INYHBIX 3HAUeHHH OCBe-
IeHHOCTH BXOJHOrO 3pauka obvekTHBa (puc. 8) B
CIIeKTPaJIbHOM JHara3oHe 3,2-4,2 MKM.

Jlo 3HaueHUs OCBEIEHHOCTH Ha BXOLHOM 3pauke
obbexkTUBa ~1071° BT/M? OTHOIIEeHHe C/ILI JIMHEHHO
pacTeT, T.K. BpeMs HAaKOIUIEHHS IIPAaKTHYeCKH
He MeHsieTcsl. [Ipu ocBemmeHHOCTH 5+ (1074-107%) BT/ Mm?
OTHOIIIeHHe C/II JIMHEHNHO BO3pacTaeT. [Ipu 60IbIINX
3HayeHUIX, 4emM 5-1072 BT/M?2, XOTS OCBelleHHOCTb
yBeJIMYHBAETCSI, OTHOLIEHKe C/III pacTH He byzeT, T. K.
BpeMsl HaKOIUIEHUS HOCTUTAaeT MUHHMAJIbHOIO 3Ha-
YeHHs U IIPOHCXOAUT HAChIIeHHe eMKOCTH 3apsia
IIUKCena.

UHTEP®ENC MPOMPAMMDI

HHTepdeiic pa3paboTaHHOM IPOrpaMMBI pacdeTa
HK-cuctemsl (PUKC-1) moka3aH Ha puc. 9. BXOZTHBEIMU
OAaHHBIMH I IIPOTPaMMBl SIBISIOTCS I1apaMeTphl
boToIIprueMHON MaTpHUIlBl, IIPHEMHOT0 OOBEeKTHBA,
obbeKTa KOHTPOIST M aTMocdepsl. C IIOMOLIBIO ITPO-
TpaMMBbl BBOOATCS MCXOOHBIE TaHHBIe, a Ppe3yib-
TaThl pacyeTa MOKHO BBIBECTH Ha 3KpaH MOHHTOpaA
1 6yMaskKHBIF HOCHUTeNb. MOSKHO BBIBECTH Ha 3KpaH

2000

Qi= ﬂEmp) s 3,2-4,2 MKM

1600 -
1400 -
800 -

400

0 | | |
10716 105 1014 108 1012 101 10710 107

E. ., BT/cMm

inp»
Puc. 8. 3asucumocmb omHoLeHus cuzHaa-wym no moky

0m 0C8eLeHHOCMU 8X00H020 3payKa 8 CneKmpanbHoM oua-
nasoHe 3,2-4,2 MKmM

Fig. 8. Dependence of the signal-to-noise ratio by current on
the illumination of the entrance pupil in the spectral range of
3.2-4.2 ym

We find the Sun

By(T, AN) [W-m™2-srl]

brightness of the

B((T, A)=R(T, Al)-104/11.

Then we determine the brightness of the rocket in
the direction of the OES B,(T, Al) [W-m™-sr!]

B,,(A) =By(T, Al) pK4(Rs/ Lg..,)?,

where: Rg=6.9599-10% [m] is the radius of the Sun; p
is the reflection coefficient of the rocket, Ky is the
dimensional brightness coefficient (DBC) [9] at p=1,
equal to the ratio of the area of the rocket illuminated
by the Sun visible from the OES to the total area of
the rocket illuminated by the Sun, L, is the distance
from the Sun to the rocket [m], Ky depends on the
angles vy, §,, & and is defined as Ky=S,/S, (S,=2rH,
S, is the projection of the area of the rocket illumi-
nated by the Sun [m?], S, is the effective area of the
rocket [m?]) [8].

S,,=Soc0s(&;) cos(&,)[(m-5+0.5sin(28)cosd +sind] /m,

where cos§=cosy/[cos§; cost,] +tg§ tg §, for y=(§+E,)
and y<180°-[§- &,|;
Y is the angle between the directions: the Sun-
rocket and the OES rocket;
€, &, are the angles between the plane perpen-
dicular to the longitudinal axis of the rocket
and the direction to the Sun and OES, respec-
tively;
8 is the angle in the plane perpendicular to the
longitudinal axis of the rocket between the
projections of the Sun - rocket and rocket - OES
directions onto it.

The illumination of the entrance pupil of the objec-
tive E,, ,, W/cm?, is determined by the expression:

Een.p =1079B,;14,(\)Sy / (D),

where: D;, is the distance between the Earth and the
rocket, km,
Tum\) 1is the average transmittance of the
atmosphere in the spectral range AA.
The S/N ratio for current Q; is

QJ=EinpSobtacAl/ [F{t,[(4g + nny) + (N7, (4)

Where Aj=K,,xn/E,,
Ap=n(ny+n)+ny,
Tinin = Tac = Trnaxs

M= EinpsabAl /m,
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rpadHUKU MPOIYCKAaHHS aTMoCdepsl, CIeKTPaJbHOU
siprocTH doHa Heba u KIS,

ITo komaHze «[paduK aTM.» Ha MOHUTOpe 0Tobpa-
JKaeTCsl 3aBUCUMOCTD CIIeKTPAJIbHOIO KO3bPUIIMeHTa
IIPOIYCKaHUA aTMOCOephl OT IJIMHBL BOJHBI H3JIy-
JeHHS. CIIeKTPIbHBIN KO3QPHUIIMEHT IIPOIyCKaHHUS
aTMochephsl paccyMTaH B guamnasode 0,9-5,3 MKM
C IpUMeHeHHeM 3KCIIepHMeHTaJbHBIX Tabnul [6]
IIPH HCII0/Ib30BAaHUH CIJIAKH-aIllIIPOKCUMAILIUH [7].

ITo xomaHge «I'padpukPoH» HA MOHHUTOpe OTObpa-
KAeTCs 3aBHCHMOCTb CIIeKTPAJIbHOM SPKOCTH (oHa
Heba IIpHU BBIOPAaHHOM yIJIe MeCTa B 33IaHHOM CIIeK-
TPpaJbHOM JHalia3oHe JJIMH BOJIH HU3/IyYeHus.

I[Ipyu wMCIoJB30BAaHUU KOMaHIBL «[paduxTAU»
Ha MOHUTOpe OTOOpa3sHUTCS 3aBUCHUMOCTb BpeMeHH
HAKOIUIEHHS OT CKOPOCTH CYeTa CHUIHaJIBHBIX (GOTO-
HOB (puc. 5), a mo KoMaHze «IpadurQp» HA MOHU-
TOpe OTOOPa3sUTCS 3aBUCHMOCTb OTHOIUIEHMS C/II
[10 MOIIHOCTH OT CKOPOCTH CYeTa CUTHaJbHBIX $OTO-
HOB (pHC. 6).

IIo xomanpge «I'paduk KI» Ha MOHHTOpe OTO-
OpaskaeTcs 3aBUCHMMOCTb KIS pakeTel OT yria y IIpH
3aIaHHBIX yraax §;, &,.
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E;,, is the signal illumination at the entrance
pupil of the lens.

Using dependence (4), we calculate the signal-to-
noise ratio for the current at various values of the illu-
mination of the entrance pupil of the lens (Fig. 8) in
the spectral range of 3.2-4.2 pm.

Up to the illumination value at the entrance pupil
of the lens~10> W/m?, the S/N ratio increases lin-
early, because the accumulation time remains
practically unchanged. With an illumination of
5-(1074-10"?) W/m?, the S/N ratio increases linearly.
At higher values than 5-102 W/m?, although the
illumination increases, the S/N ratio will not increase,
i.e. the accumulation time reaches a minimum value
and the pixel charge capacity is saturated.

INTERFACE OF THE PROGRAM
The interface of the developed program for calculating
the IR system (RIKS-1) is shown in Fig. 9. The input
data for the program are the parameters of the pho-
todetector matrix, the receiving lens, the controlled
object and the atmosphere. With the help of the pro-
gram, initial data are entered, and the results of the
calculation can be displayed on the
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IIpy HCIONB30BAHHUM KOMAaHMOB «Pe3yynbTaTl»
Ha 3KpaHe 0Tobpa3siTCs: CIIeKTpaIbHasl SPKOCTh GOHA;
OCBeIeHHOCTb, Co3JaBaemMasi OHOM Ha ITHMKCeT; MOIIL-
HOCTh $OHA Ha IHMKCEJI; II0POroBas MOIIHOCTH CHI-
Haja (IIpK OTHOLIEHHUU c/uI=1) IIpK 3acBeTKe OLHOIO
IIMKCeJlla U IpU AeJeHHH CHUIHala Ha 4 MHKcena;
MOIIHOCTh CHUTHA/a MPH OTHOLIEHHWH C/II IO MOII-
HocTH paBHOT0 100 1 10000; BpeMst HaKOIUIEHUS IIPU
OTHOIIIeHUH c/mi=1,

I[Ipy MCOONB30BAaHHUKM KOMaHIOBL «Pe3ynbTaT2»
Ha 3KpaHe 0To6pasATcs: MOpPOroBoe YKucio ¢.-3.; cpen-
Hee 4YHUAIO ¢.-3. $OHA; CKOPOCTh cyeTa (GOHOBBIX +
TeIJIOBBIX ¢.-3.; CKOPOCTh CYeTa CUTHAJIbHBIX POTOHOB
Ha MuKcene npu Q;=10; MOIIHOCTh CUTHaJIa Ha BXo#e
00BeKTUBA npu Q;=10; MOIIHOCTH CMIHaja Ha ITHK-
cene npu Q;=10; rmoporosasi OCBEIIEHHOCTb Ha BXOZ-
HOM 3padKe, MHHHMajJbHAasi MOIIHOCTb CHIHAJIA,
MHHHMaJIbHAs OCBeIlleHHOCTb Ha BXOJHOM 3pauyke
npu Q;=10; cpefHHN Ko3PUIIMEHT MIPONYyCKaHUS
aTMocephl B 3aJlaHHOM CIIeKTPAJIBHOM [HaIlla3oHe;
OCBEIIeHHOCTh Ha BXOZHOM 3payKke HK3-3a OTpa’keH-
Horo oT KO coTHeYHOM 3aCBeTKHU ; OTHOIIIeHHe CUTHAJI-
IIyM I10 TOKY IJisi curHajia ot KO 3acBeuenHoro ConH-
IIeM; CBETUMOCTh OT COBCTBEHHOTO usnydenus KO,
OCBEILeHHOCTh Ha BXOJHOM 3padyke OT COBCTBEHHOIO
usnydyenus KO; Q; mis curdana ot KO u3-3a cobcTBeH-
HOro M3JIyuyeHHs. Pe3ynbraT 1 U Pe3ynbraT 2 MOXKHO
pacrmeyaTars.

ITo koMaHze «HcX.DaHHBIE» HA 3KpaHe 0Tobpa3sTcs
BCe HMCXOAHBIe NaHHBIe, a TaKkKe NAJIbBHOCTh O Bepx-
Hel KpoMKU aTMocdepsl U BbicoTa KO 110 3emiu.

BbiBO/bl

Pa3zpaboTaHHass METOAUKA pacueTa OCBEILIeHHOCTH
BXOZHOro 3pauka O9C 0oT CUrHa/la KOCMHUYEeCKOro 06s-
eKTa IT03BOJIKJIA YCTAHOBUTh OITHMaJIbHEIe paboune
IlapaMeTphl HHCTPYMEHTAJIBHOTO 0DOPYIOBAHUS ISl
KOHTPOJISL AUHAMHUKH OOBEKTOB IIMJIMHAPUYECKON
dopmel (pakeTsl). PellleHHs IIONy4eHBl A1 00BeKTa,
noacseueHHoro ConHIleM M obagaroliero cobcTBed-
HBIM H3/Ty4eHHeM OOIIHNBKH.

1. IToporoBasi OCBeLIeHHOCTh Mpubopa Ha BXOI-
HOM 3payKe MHHHMAaJIbHA B IIOA[HaIla3oHe
1,8-2,6 MKM, a Haubospllasg B IIOAJMAIIa30HE
4,4-5,2 MKM.

2. CobcTBeHHOe U3/IydeHHe OOIIMBKHU PaKeThl
MEHSIeTCS C INIOTHOCTBIO aTMOCOephl U KaK CJIef-
CTBHe ee Temriiepartypa. IIpu Temiepatype 300
K (D=360 kM) M3/Iy4eHHe paKeThl Majio U, Cjie-
JIIOBATe/IbHO, Majio OTHoIIeHHe c-1I. IIpu T=500
K (D=160 kM) Bo3MOXHO oOHapyxXeHHe KO
BO BCex IoAfMaria3oHax, Kpome 0,9-1,3 MKM
u 1,4-1,8 mrm. IIpu T=700 K (D=50 kM) BO3-

=

dence of the S/N ratio by power on the count rate of
signal photons (Fig. 6).

By the command “Craph_DBC”, the monitor dis-
plays the dependence of the rocket’s DBC on the angle
y at the given angles §, &,.

When using the command “Resultl” the screen
will display: spectral brightness of the background;
the illumination created by the background per pixel;
background power per pixel; threshold signal power
(at S/N ratio = 1) when one pixel is illuminated and
when the signal is divided by 4 pixels; signal power at
a S/N ratio by power equal to 100 and 10000; accumu-
lation time at S/N ratio = 1.

When using the command “Result2” the screen will
display: threshold number of ph-el; average number
of ph-el background; counting rate of background +
thermal ph-el; the count rate of signal photons per
pixel at Q;=10; signal power at the lens input at Q;=10;
signal power per pixel at Q;=10; threshold illumina-
tion at the entrance pupil, minimum signal power,
minimum illumination at the entrance pupil at Q;=10;
average atmospheric transmittance in a given spectral
range; illumination at the entrance pupil, due to sun-
light reflected from the SO; signal-to-noise ratio for
current for a signal from a SO illuminated by the Sun;
luminosity from own radiation of SO; illumination at
the entrance pupil from the intrinsic radiation of the
SO; Q; for the signal from the SO, due to its own radia-
tion. Result 1 and Result 2 can be printed.

At the command “Source data”, the screen will
display all the initial data, as well as the range to the
upper edge of the atmosphere and the altitude of the
space object to the Earth.

CONCLUSIONS
The developed method for calculating the illumination
of the OES entrance pupil from the signal of a cylindri-
cal space object, illuminated by the Sun and having its
own radiation of sheathing, made it possible to estab-
lish the following.

1. The threshold illumination of the device at the
entrance pupil is minimal in the sub-range of
1.8-2.6 pm, and the highest in the sub-range of
4.4-5.2 pm.

2. The intrinsic radiation of the rocket skin changes
with the density of the atmosphere and, as
a consequence, its temperature. At a tempera-
ture of 300 K (D=360 km), the rocket radiation is
small and, therefore, the S/N ratio is small. At
T=500 K (D=160 km), SO detection is possible in
all sub-ranges except 0.9-1.3 pm and 1.4-1.8 pm.
At T=700 K (D=50 km), it is possible to detect SO
in all sub-bands.
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MOKHO obHapy>keHHe KO BO Bcex MOIAHAIIa30-
Hax.

3. MakCcUMaJIbHasT  OCBEILleHHOCTbh BXOJHOTIO
3payKka, OTPAKEHHOIO COJHEYHOI0 H3/Iy4YeHHS
oT obmuBKku KO, pacrionoskeHa B moAaHalia3oHe
0,9-2,6 MKM U, CJleloBaTeJIbHO, MaKCUMAJILHO
OTHOIIIeHHEe C-III, 3 MHHHMAaJIbHOe OTHOIIeHUe
C-III PacIIOIOKEHO B IIoAAHariasoHe 4,4-5,2 MKM.
Ha 5TOT pe3ynbTaT BIMseT CIeKTpaJbHOe pac-
IpefeneHHe CUIHajla M IIPOIYCKaHHe aTMOC-

depsr.

4. Ilpu 1ojeTe pakeThl B IIOTHBIX CJIOSIX aTMOC-
depsl Ha MaJIOM BBICOTe TeMIlepaTypa OOIIMBKU
(Takke ¢axkena) cocrapnser T=2000 uau 2500 K.
IIpu 3THUX TeMIlepaTypax CBeTUMOCTh KO mocra-
TOYHO BBICOKA, 3TO I103BOJIsSIET OOHAPYKUTh €ro
BO BCeX IOJJHAIIa30HaX.
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3. The maximum illumination of the entrance
pupil, reflected by the solar radiation from the
SO sheathing, is located in the sub-range of
0.9-2.6 pm and, therefore, the S/N ratio is maxi-
mum, and the minimum S/N ratio is located in
the sub-range of 4.4-5.2 um. This result is influ-
enced by the spectral distribution of the signal
and the transmission of the atmosphere.

4. When the rocket is flying in dense layers of the
atmosphere at low altitude, the temperature of
the skin (also of the torch) is T=2000 or 2500 K. At
these temperatures, the luminosity of the SO
is quite high, this allows it to be detected in all
sub-ranges.
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