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BbinosnHeHa oueHKa 3¢pPpeKTUBHOCTHU
cBeToAMOAHON GUTONEHTbI B 061aCTH
poToCMHTEeTHMYHECKN aKTUBHOW paauauum

M NpoBeAeHOo ee CpaBHEHUE C a/IbTepHATUBHbIMU
¢puToo6NYyHaTENAMU, MPUMEHSEMbBIMU

B MPOMBbILLJIEHHbIX TEMJINYHbIX KOMIJ1eKcax.
d¢dPekTNBHOCTb GUTONEHTbI B 061aCTU
poToCMHTEeTUYECKN aKTUBHOW paauauuu
cocTtaBuna 42%, 4to B 4,7 pa3a Bbile

3¢ PeKTUBHOCTM PUTONAMIMbI MOJIHOFO

cnekTpa u B 4,4 pasa Bbiwle 3¢pPeKTUBHOCTU
JIIOMUHECLLEHTHOM 1aMnbl. OnpegesieHbl
cneKTpaJibHO-3HepreTuyeckue XxapakTepucTtmkmu
cBeToaMopHON puToNneHTbl. CpeiHee 3Ha4YeHne
NNOTHOCTU GOTOCUHTETUYECKOTO GOTOHHOrO
noToka, NpMMeHMUMOe A5 BblpaluBaHUs
pacTteHuii (= 300 MKkMonb / M?/ ), pocTuraeTcs
npu CHATUN U3NTY4EeHUS C OAHOro MeTpa
$UTONEHTbI HA pacCcTOsIHUM =20 CM OT
o6ny4yaemon 061acTy Npu NponyckaHuu 4yepes
Hee ToKka. bnaropgaps Bbicokon 3pdeKTUBHOCTH,
duTONEHTA NO3BOIUT YIYHLIUTb POCT
Pa3s/INYHbIX KJ1ACCOB CEJ/IbCKOXO3ANCTBEHHbIX
KY/1bTYp B aBTOHOMHbIX ar ponpoMbILUIE€HHbIX
npeanpuaTUAX, a TakXe NO3BOJIUT CHU3UTb
3aTpaTthbl HA 3/1eKTPO3HEPruio.

KntoueBble cioBa: GUTOMEHTA, CNeKTpasibHas

XapaKkTepucTuka, BaTT-aMnepHas XxapakTepucTmka,
BOJIbT-aMMepHas XapakTepucTuka,
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The efficiency of LED phyto-strip in the field

of photosynthetically active radiation has been
assessed and compared with the alternative
phyto-irradiators used in the industrial
greenhouse complexes. The phyto-strip
efficiency in the field of photosynthetically
active radiation was equal to 42% that

was 4.7 times higher than the efficiency of

a full-spectrum grow lamp and 4.4 times
higher than the efficiency of a fluorescent
lamp. The spectral and energy characteristics
of the LED phyto-strip have been determined.
The average value of the photosynthetic
photon flux density applicable for the plant
growing process (=300 pmol/ m?/s) is achieved
when radiation is obtained from one meter of
phyto-strip at a distance of =20 cm from the
irradiated area when current is passed through
it. Due to its high efficiency, the phyto-strip
will improve the growth results of various
crops in the autonomous agro-industrial
enterprises, and will also reduce the energy
costs.
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3 PEKTUBHOCTbL, POTOCUHTETUYECKN AKTUBHAS
pagnaumns, N10THOCTb GOTOCUHTETNYECKOrO
$GOTOHHOro NoTOKA

CTaTbs nonyyeHa: 24.10.2023
Cratbsa npuHarta: 07.11.2023

BBEAEHUE
B ycnoBusix OBICTPOro pocTa HaceleHHs ITPOAOBOJIb-
CTBEHHBIM KPH3HC IIPHOOpes XapakTep, BIIHSIONIUMN
Ha BBDKHBaHHe U Pa3sBUTHe 4esoBedecTBa. COMYTCTBY-
IOIl[KIe eMYy 3PO3Hsl [104B, CYypPOBble IIOTOJHbIE YCI0BHS,
paspyllleHHe OKpYysKaloller cpefibl emle bosblile ycyry-
ONFI0T ero BO3/eHCTBHE Ha YCTOMYHMBOCTb Pa3BUTHS
cTpaH. CBeT CH/IBHO B/IHseT Ha OMOCHHTE3 M HaKo-
IUIeHHe Pa3/THYHbIX BTOPUYHBIX METab6OTHUTOB pacTe-
HUI, KOTOpble UMEIOT pellaollee 3HaUYeHHe /s Kaue-
CTBa yposKasi. CIIeKTpa/IbHBIL COCTAB CBeTa OKa3bIBaeT
OoJibIlIOe BIHSIHHE Ha MTPOLeCChl pOCcTa U pereHepalum
U SIBJISIETCS. OMHUM M3 IJIAaBHBIX GaKTOPOB 6HUOIIPOIyK-
THUBHOCTH pacTeHHI. CBeToAHOAbl 067aJaloT 3HAYH-
TeJIBHBIM II0TEHILIMAIOM B KadecTBe GuTOObIydaTE el
U B CBeTe aKTHBHOIO Pa3BUTHUS aIrpPONPOMBIIIIEHHOIO
KOMIIJIEKCa BO3HHKaeT HeoOXOZMMOCTb HCCIeoBa-
HHS XapaKTepUCTHK BBIIIYCKaeMbIX IIPOMBIIIIEH-
HOCTBIO CBETOAMOIHBIX OO/lydaTenel M OLIEHKH HMX
3G beKTUBHOCTH [7151 yBeTMYeHHUS yPOKAaHUHOCTU Ceslb
CKOXO3SIICTBEHHBIX KY/IBTYP K IIOBBIIIEHUS KauecTBa
IIPOAYKLIKH.

duroobnydaTes Ha OCHOBe CBETOLHOLOB — 3TO
HOBasl TEeXHOJIOTHSl HCKYCCTBEHHOIO CeIbCKOXO3SIH-
CTBEHHOI0 OCBelleHHs. CBeTOAHOAbI HMEIT OTPOMHOe
KOJIMYeCTBO MPEeHMMYIIeCTB JjIsl IPUMeHeHHUs B KOM-
MepuecKOM BBIpAIIMBaHUM pacTeHHUM. MX [Joiroeedy-
HOCTb U IIPOYHOCTb 0becrieurBaloT Hosiee JIeTKYIO yCTa-
HOBKY M MaHUIY/ISILIUU 10 CPaBHEHHIO C OOBIYHBIMU
OCBETUTeNbHBIMHU IpU6OpaMU, TaKMMHU KaK HaTpHe-
BBI€ JIAMIIBl BBICOKOTO JaBJIeHHS U JIIOMHHeCIIeHTHBIe
JIaMIIBI, KOTOpble KMMEIOT XpYyIIKHe CTeKISHHbIe 060-
noukd [1]. Emte omHa 0c06eHHOCTb CBETOAMOOB 3aKITIO-
4YaeTcss B TOM, YTO pasMep KX YMIA, KaK IIPaBUIIO,
HaMHOIO MeHBbIlle CaMHX PacTeHHH, 4TO I103BOJISeT
co37aBaTh pa3HoobpasHble KOHCTPYKLIUU HMCTOYHHKOB
CBeTa KaK /sl KyJIbTUBHPOBaHHS TKaHeH B IIPOOHp-
Kax C HCIIONb30BaHHEM HeCKOJIbKHX CBeTOAHOMOB, TaK
U [/ OCBEIleHUS! TeIUIMUYHBIX KYJIBTYP C HCIIOIB30-
BaHHeM OOJIBIIMX MACCHBOB CBETOAMOMOB B 3aBHCH-
MOCTH OT MaclTaboB BeIpamuBaHus [2]. Hebonprion
pasMep CBeTOAMOMOB TakKe PACIIMPseT pa3Hoobpa-
3Me JOCTYIIHBIX MeTOJI0B OCBeIlleHHs PacCTeHHH, TaKHX
Kak obyydeHMe OIpesie/IeHHBIX OPraHOB KM HeOTPaHM-
YeHHOe HaIlpaB/eHHoe obny4yeHue [3]. PacronoskkeHue

=

INTRODUCTION

In the rapid population growth conditions, the
food crisis has taken a form affecting the mankind
survival and development. The concurrent soil ero-
sion, extreme weather conditions, and environmen-
tal destruction further exacerbate its impact on the
developmental sustainability of countries. The light
strongly influences the biosynthesis and accumula-
tion of various plant secondary metabolites that are
rather critical to the crop quality. The spectral light
composition has a great influence on the growth and
regeneration processes and is one of the main factors
in the plant bioproductivity. The LEDs have substan-
tial potential as the phyto-irradiators. Moreover, in
the light of active development of the agroindustrial
complex, there is a need to study the specifications
of industrially produced LED irradiators and evalu-
ate their efficiency for increasing the crop yields and
improving the product quality.

The LED-based phyto-irradiators represent a new
technology for artificial agricultural lighting. The
LEDs have a huge number of advantages for commer-
cial plant growing applications. Their durability and
strength make them easier to install and handle than
the conventional lighting fixtures such as the high-
pressure sodium lamps and fluorescent lamps with
the fragile glass envelopes [1]. Another feature of the
LEDs is that their chip size is usually much smaller
than the plants that allows for a variety of light source
designs, both for tissue cultivation in vitro using mul-
tiple LEDs, and for illumination of the greenhouse
cultures using the large arrays of LEDs depending
on the growing scale [2]. Moreover, the small size of
LEDs expands the variety of available plant lighting
methods, such as irradiation of specific organs and
unrestricted targeted irradiation [3]. The location of
lighting sources in close proximity to the plants is also
possible due to the use of visible LEDs that do not emit
a large amount of heat [4]. Thus, in the light of the
active agroindustrial complex development, there is
a need to study the specifications of industrially pro-
duced LED irradiators and evaluate their efficiency for
increasing the crop yields and improving the product
quality. The purpose of this paper is to evaluate the
efficiency of LED phyto-strip with a spectral composi-
tion of 15%B + 40%G + 45% R (B - blue, G - green, R -red
radiation) in the field of photosynthetically active
radiation for growing the high-quality agricultural
products under conditions of artificial germination,
to make a conclusion on feasible use of the LED phyto-
strip under study, as well as to compare with the
alternative phyto-irradiators applied in the industrial
greenhouse complexes.
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HCTOYHHKOB OCBeLeHHUsI B HeIlOCPeCTBeHHOM 6ir30-
CTH K PACTeHUSIM TaKke BO3MOKHO 6J1arofapsi UCIIOIb-
30BaHUIO CBETOAHONOB BHIMMOIO CIIEKTpa, KOTOpbIe
He BBIe/ISAIOT 60JIBIIOro KOMHMYecTBa Teria [4]. Takum
06pa3oM, B CBeTe aKTHBHOIO Pa3BUTHS arpONPOMBIII-
JICHHOI'0 KOMIIJIEKCA BO3SHUKAET HeobX04MMOCTh HCCIIe-
JOBAaHHUS XapPaKTEPUCTHUK BBIIYCKAEMBIX ITPOMBIIII-
JIEHHOCTBIO CBETOAHONHBIX obnydaTesel M OLleHKH
UX 3OPeKTUBHOCTU [/ YBeIHYEHHS YPOKaMHOCTH
CeIbCKOXO3SMCTBEHHBIX KyJIbTYP M IIOBBILIEHHS Kade-
CTBa IIPOAYKUMH. Llespio paboThl SBISETCS OLleHKA
3¢ OEeKTUBHOCTH CBETOAHUOOHON (PHUTONEHTHI CO CIIeK-
TPaJIBHBIM cocTaBoM 15%C+40%3+45%K (C - cuHee, 3 -
3esieHOe, K - KpacHoe U3nydeHue) B 0bmacTu GOTOCHH-
TEeTUYeCKd aKTHUBHOM pafHalliM AJIS BbIpAlIMBaHUS
Ka4eCTBEHHOM Ce/IbCKOXO3SIMCTBEHHOM IPOAYKLHHU
B YCJIIOBUSIX HMCKYCCTBEHHOIO IIPOPAIllMBAHMA, 3aKIIIO-
YeHHe O L1e71eco00bpPa3sHOCTH HCIIONB30BAHUS HCCIeNy-
eMOI1 CBeTOAMONHON GUTONEHTHI, a Takke CpaBHeHMe
C AIBTEePHATUBHBIMHU GUTOOOIydATeNSIMU, [TPUMeEHsIe-
MBIMH B [IPOMBIIJIEHHBIX TeIUTMYHBIX KOMIIJIEKCAaX.

MATEPUAJIbl U METO/bI

[ToMHMMO TpPaJHMLIMOHHBIX KMCTOYHHMKOB H3/Iy4YeHHS,
K KOTOPBIM OTHOCHTCS TIOMHHeCLeHTHAas JaMIla, s
BBIPAIIMBAaHUS PAaCTeHUH TaloKe IIPUMEHSIIOT CBETOLU-
O[IHBbI® JIAMIIBI IIOJIHOTO CIIeKTpa HJIM CBETOAHOIHbIe
dutonentel. Takum 06pa3om, B paboTe IPOBEAEHO CPaB-
HeHHe XapaKTePUCTUK QHUTONEHTHl C KOHKYPeHTAMH,
IIPUCYTCTBYIONIUMHU Ha PBIHKe arpoobiydaTesem.

CBeronuonHas (CH]) durtonenta «Arlight» FITOLUX-
Al44-10mm 24V Day4000-Red (14 Bt/m, IP20, 2835, 5m)
COCTOMT M3 IBYX THUIIOB CBETOANOAOB: IIEPBLIL THII IIpef-
craBnseT cobor Genpiei SMD-CBETOAHO C JIIOMHHOBO-
POM (YCTPOKCTBO, BHIIIOJTHEHHOE B HEOOIBIIOM KOPITyCe
C BMOHTHPOBAaHHBIM CBETOM3/yYaIOIIUM KPHUCTAJIJIOM,
KOTOpOe II0BePXHOCTHO MOHTHPYeTCsS Ha IIeYaTHYIO
IVIaTy, CM. pUC. 1 a), comepskamiyi B cebe OOVH KpH-
ctaul. Obpaser; ummeeT pasmepsl 2,9x3,3x1,0 MM.
HampsskeHHe OTKPBITHSI COCTaBiseT 2,54 B, pabouuit
JuanasoH 2,56-2,86 B. BTopon THUII MpencCTaBIsieT
cobort xpacHblli SMD cBetoxnuon, (puc. 1b), comepska-
U B cebe opuH KpucTayt. Obpasel; MMeeT pa3Mepsl
2,9%x3,1x1,0 mm. HampspkeHHe OTKPBITHS COCTaBIIsIeT
1,66 B, pabouuii suamnasoH 1,68-1,98 B.

CBetoguonHass ¢uroneHTta (1 MeTp) COCTOMUT
u3 16 cekUUH, comepskamux B cebe 9 CBETOAMOMOB:
6 Genmbix U 3 KpacHBIX (puc. 1c). CoenuHEHHE CeKIIUH
B JIEHTe - I10CJIeJ0BaTe/IbHOe.

Jns IpoBelleHHUSI CpPaBHEHHUSI MBI HCIIONb30BaIN
CBETONHONHYIO QHTONAMILY IIOJHOTO CIIeKTpa CO CIIeK-
TPaJIbHBIM COCTaBOM 1%Y®+39%C+15%3 +38%K +7%/1K
Yo - ynbprpaduoseroBoe usnydeHue, K - manbHee
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MATERIALS AND METHODS
In addition to the conventional radiation sources that
include a fluorescent lamp, the full-spectrum LED
lamps or LED phyto-strips are also used for the plant
growing process. Thus, this paper provides the com-
parison of the phyto-strip characteristics with the
competitors available on the agro-irradiator market.

The Arlight LED phyto-strip FITOLUX-A144-10mm
24V Day4000-Red (14 W/m, IP20, 2835, 5 m) consists
of two types of LEDs: the first type is a white SMD
LED with a luminophore (a device made in a small
housing with a built-in light-emitting crystal that is
superficially mounted on a printed circuit board, see
Fig. 1a), containing one crystal. The sample has the
dimensions of 2.9x3.3x1.0 mm. The opening voltage
is 2.54 V, the operating range of values is 2.56-2.86 V.
The second type is a red SMD LED (Fig. 1 b) contain-
ing one crystal. The sample has the dimensions of
2.9x3.1x1.0 mm. The opening voltage is 1.66 V, the
operating range of values is 1.68-1.98 V.

The LED phyto-strip (1 meter) consists of 16 sections
containing 9 LEDs: 6 white and 3 red ones (Fig. 1 c).
The strip sections has serial connection.
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Puc. 1. Geabiti CW/ (a) u kpacHbiti CUA (b), cekuyus ceemo-
duoHoli pumonermsl (c), ceemoduodHas pumonamna (d)
u AoMuHecueHmHas aamna (e)

Fig. 1. White LED (a) and red LED (b), led strip section (c),
LED phytolamp (d) and fluorescent lamp (e)
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KpacHoe I/IBHY"-IEHI/IE) [JIs1 BBIpAIllH-

BaHUS pacTeHUN ALMCD u oMU~

. 1. AMmepMeTp
HeclleHTHYo 1amiy Camelion 13 Bt

Ammeter

4200 K co criekTpaJbHBIM COCTaBOM

1%V D +23%C+40%3 +33%K +3%K 2. BOIbTMETP
(puc. 1d, ). Mg stux nammn 6euin Voltmeter

4. CBeTogMoOZL Ha IlIaTe
LED on board

H3MepEeHBbI CIIEKTPaJ/IbHbIE XapaKTe-

PUCTHKH U IUIOTHOCTH QOTOCHHTe- Power supply

3. CTOYHUK IHUTAHUAI

W

THUYeCKOro Q)OTOHHOI‘O IIOTOKa Ha

Pa3HbBIX PACCTOSIHUSX IIPU pa6oqu 7.1. Cl'[eKTpOMEETp ((( ))) 5. I/IHTerpgponm,an cdepa
Ocean Optics HR4000 Integrating sphere
HaIlpsPKeHUHU I[INTAHUA. Spectrometer 6. OIITOBOJIOKHO
[Ipu mIpoBefeHUU H3MEpeHUI Ocean Optics HR4000 Dipateal Hless g
. C IPOrPaMMHBIM
IIPUMEHAIOCh  CIefylomee 060- 7.1. Crnexrpometp UPRtek PG200N obecrieyeHHEM
pymoBaHHe: creKTpoMeTp Ocean Spectral PAR Meter - @ 5 SpectraSuite
: - Spectrometer UPRtek PG200N PC with software
OpthS HR4000, 06J1ana10m1/11/1 Spectral PAR Meter SpectraSuite

CIIeKTPaIbHBIM [OHUAIla30HOM OT
200 HM pmo 1050 HM, U CIIeKTpO-
Metp UPRtek PG200N Spectral PAR
Meter co CIeKTpa/IbHBIM [HAIla30-
HoM oT 350 HM go 800 HMm. Crek-
TpoMeTp Ocean Optics HR4000
COBMECTHO C MHTEeTpHpYIOIel cde-

of LEDs

Puc. 2. brok-cxema ycmaHosKu 0As U3MepeHUsl CnekmpanbHbIX U 3Hepzemuye-
CKUX Xapakmepucmuk ceemoouodos
Fig. 2. Installation diagram for measuring the spectral and energy characteristics

POM MCIIONB30BAICS [l HU3Mepe-

HHUS CIIeKTPa/IbHO-3HEePreTHYeCcKUX

XapaKTePHUCTUK GUTO/IEHTHI U OTAe/IBHBIX CBeTOAHOO0B,
BXOIAIIMX B ee COCTaB, YTO CXeMaTH4YHO IIpelCTaB-
neHo Ha puc. 2. Criekrpomerp UPRtek PG200N Spectral
PAR Meter HCITI0/Ib30BaJICA [/Is ©3MePeHHUs KOJIMYecTBa
M KauecTBa CBeTa B 00/1aCTH GOTOCHHTETHYECKH aKTHB-
HOU pafHallyH.

NMPOBEAEHVE DKCNEPUMEHTOB
HccnepgoBaHue BOJBT-aMIIEPHBIX XapaKTePHUCTHK pas-
HbIx CH/J] (puC. 3) OGHOIO THIIA [10KA3aJI0 He3HAYHTe/lb-
HBbIe OT/IMYHS, SB/ISAIOIINECS LOIYCTUMBIMU U CBSI3aH-
HBIMHU C 0CODEHHOCTSIMU TE€XHOJOIHMYECKOro IIporecca
[IPOM3BOACTBA CBETOLHOIOB.

OTnnuns ke BAX KpacHBIX CBETOAHOMOB OT 6enbIX
BBI3BAaHBI pa3/iMuKeM MaTepHUajIoB U3rOTOBIeHHUS. TaK
IUIS. W3TOTOBJIEHMSI KPAaCHBIX CBETOLUOAOB OOBIYHO
HCIIONIB3YeTCsl TBepHBIN pacTBop AlCaAs, 4uTo u 06y-
cnaBnuBaeT boree HU3Koe pabodee HANpsDReHHE Kpac-
HbIx CU] [5]. Benble CBETOAMOABI IIPECTABISIOT coborn
IIUPOKO PaCIpPOCTPaHEeHHbIe Oesble TIOMHHOQOPHBIE
CBETOAMOIBI, COCTOSIIIME M3 KeJITOro JIIOMHUHOdOpa,
HaHeCeHHOr0 Ha CUHUH KPUCTA/I/I, U3TOTOBJIEHHBIN U3
TBEPJOTO PacTBopa Ha ocHoBe InGaN, ¢ yeM U CBA3aHO
Borblilee HAITPSDREHUE ITUTAHUS.

CIieKTp M371y4YeHHUs CBeTOAMOMA OIpee/isieTcs CIleK-
TPOM JIIOMHHECLIeHLIMH II0NYIIPOBOJHMKA, KOTOPBIM
OIIpefie/IIeTCsl ero 30HHOH CTPYKTYPOH, B IIepBYIO ode-
pelb LIMPHHOM 3aIlpellleHHOH 30HBI [6]. [IpHCcyTCcTBHE
KBaHTOBBIX IM, HUTEH WK TOUeK B aKTUBHOM 06/1aCcTH

For comparison, we used a full spectrum
LED grow lamp with a spectral composition of
1%UV +39%B +15%C +38%R+7%FR (UV - ultravio-
let radiation, DC - far red radiation) for growing
the ALMCD plants and a fluorescent lamp Cam-
elion 13 W 4200 K with a spectral composition of
1%UV +23%B +40%GC +33%R+3%FR (Fig. 1d, f). For

70
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Tox, A

30 -

20 -

10

0 L L L L L L
1,6 1,8 2,0 2,2 2,4 2,6 2,8 3,0

HanpskeHue, B

Puc. 3. Boabm-amnepHbie xapakmepucmuku 6eavix (1, 2)
U KpdcHbIx ceemoduodos (3, 4)

Fig. 3. Volt-ampere characteristics of white (1, 2) and

red (3, 4) LEDs
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IIPUBOOUT K TOMY, YTO CIIeKTP H3/IyUYeHHs OIIpefe-
JI4eTCs MX IapaMeTpaMHM, B YaCTHOCTH IIOJIOKeHHeM
yPOBHell Pa3sMepPHOI0 KBaHTOBaHHS [7]. Ba3oBBIM MaTe-
pHaoM [Jisi KOPOTKOBOJIHOBBIX HCTOYHHKOB H3JIy4e-
Hus (0,25-0,6 MKM) SIBJISIeTCSI HUTPHUJ, TAJUIHS U ero
TBepable pacTBOPEL, a1d CH] Ha 5Ke/ITyI0, OpaHKeBYIo,
KpacHyio U 6mkHIo HK-obnactu cnekrpa (0,58-0,9
MKM) - apCeHU[] F/UTHS U IIPIMO30HHbIe TBepAble pac-
TBOPHI B cucteMax (Ga, In, ADP u (Ga, ADAs. B akTuB-
HOM O00JIaCTH HCIIONB3YIOTCSI TOJIBKO ITPSIMO30HHBIE
Martepuansl [7]. [ns pasHBIX AHAIIa30HOB LIMPHHA
CIIeKTPa M3/1y4yeHMs pasHas, [IOTOMY YTO OHa oIpefe-
JIsleTCsl paclpefelleHHeM HOCHTeNeH 3apsia B 3allpe-
IIeHHOM 30He.

MBI IIpoBeIr HCC/IeJOBaHHSA B YC/IOBHSIX KOMHAT-
HOH TeMIIepaTypsl IIPH Pa3JIHYHBIX TOKAaX HaKauKU
CBETOU3IIYYAIOIIUX CTPYKTYp. besple TIOMUHOQOPHEIE
CBeTOAMOIBI UMEIOT IIUKHU B cUHen (454 HM) U SKeJITOHN
(575 HM) obnacTax criexkTpa. IIMKoBas [JIMHA BOJIHBI
KpaCHOI'0 CBETOAMO/Ia COCTAB/IsIeT 664 HM.

B COBOKYITHOCTH CIIEKTPBI U3/TyueHHUsI 6esbIX U Kpac-
HBIX CBETOAHMONOB (QOPMHPYIOT CIIEKTP H3Iy4eHHs
dutonents! (puc. 4). CrIeKkTp H3My4eHHs JTIOMUHeC-
LIeHTHOH jaMIIbl (pUC. 4) XapaKTepH3yeICsi MHOXe-
CTBeHHBIMH MHKaMH, HaubOIbIIAg HHTEHCUBHOCTH
H3/Iy4YeHUs HabromaeTcs Ha AjIMHAX BOMH 611 HM;
545 HM B 542 HM. CIeKTpa/JbHas XapaKTePHCTHKA
duTonamnel (puc. 4) COmep>KUT 2 OCHOBHBIX IIHKA
W3y4eHHMs], JeKallux B CMHeHr (461 HM) M KpacHOM
(638 HM) obmacTax.

PE3YJ/IbTATDbI

[Ipy yBenHMYeHHH ToKa HabaiomaeTcs H3MeHeHHe
IUIMHBI BOTHBI M3/1y4eHHs 6e/lbIX U KPACHBIX CBETOIHU-
ozoB. Y 6e/bIX CBETOAHOIOB 3TO H3MeHEHHe CBSI3aHO
C KBaHTOBOpasMepHbIM 3ddekrom IllTapka (KP3II).
BHyTpeHHHe IIbe303/IeKTPHUYecKHe IIo/Is CO3Jal0T
3¢pdexT IlITapka, CHHJKAIOIIML BHYTPEHHIOK KBaH-
TOBYI0 3QQPeKTUBHOCTh. ITOT 3dPeKkT 3aKIovaeTcs
B M3MeHEeHHH SHepreTHYecKoro CIIeKTpa aToMOB, MoJle-
KYJI U KPUCTAJIZIOB B 3JIGKTPUYECKOM II0JIe U IIPOSIBJIS-
eTCsl B TeTepoCTPYKTYpax C KBAaHTOBBIMHU siMaMHu (Kf)
B CUHEM CIOBUIe 3KCUTOHHOM JIMHUU IoromeHus Kd.
COBUT CIIeKTpa JIIOMHHECLIEHIIMM IIPH MaJIbIX TOKax
00yC/IOBTIeH BIMSIHHUEM YIIPYTHX HAIpPSKeHUM, BBI3BI-
BaIOLIUX IOsB/IeHHe NeQOpMallMK pellleTKH Ha TreTe-
poIiepexofie, U BCTPOEHHOI'O 3/J1eKTPHYecKoro moss [8].
ITop, Bo3/eliCTBHEM BCTPOEHHOTO 3/IeKTPUYeCKOro IO/
dopma sIMBI CUJIBHO MCKasKaeTcs, U mossisercs KPIII.
JTO IIPUBOAMT K YBeJIMYEHHIO PACCTOSTHUS MEXKIY YPOB-
HAMU, YTO BBI3BIBAET CABUT CIIEKTPA JIOMHUHECLeHIIMU
B KOPOTKOBOJIHOBYIO obnacth (puc. 5a). Ilpu yBemmde-
HUM BHEIIHEero HaIIpsbKeHUs BIHSHKE BCTPOEHHOIO
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these lamps, the spectral characteristics and densi-
ties of the photosynthetic photon flux were mea-
sured at various distances at the operating supply
voltage.

The following equipment was used for the mea-
surements: Ocean Optics HR4000 spectrometer, with
a spectral range from 200 nm to 1050 nm, and a UPRtek
PG200N Spectral PAR Meter spectrometer with a spec-
tral range from 350 nm to 800 nm. The Ocean Optics
HR4000 spectrometer together with an integrating
sphere was applied to measure the spectral and energy
characteristics of the phyto-strip and individual LEDs
included in its composition to be schematically out-
lined in Fig. 2. The UPRtek PG200N Spectral PAR Meter
spectrometer was used to measure the light quantity
and quality in the area of of photosynthetically active
radiation.

PERFORMANCE OF EXPERIMENTS

A study of the current-voltage characteristics of vari-
ous LEDs (Fig. 3) of the same type has demonstrated
minor differences that are acceptable and related to
the peculiarities of the LED production process.

The differences in the current-voltage character-
istics of red LEDs from white ones are caused by the
differences in the manufacturing materials. Thus, an
AlCaAs solid solution is usually applied for the produc-
tion of red LEDs that determines the lower operating
voltage of red LEDs [5]. The white LEDs are the com-
mon white luminiferous LEDs, consisting of a yellow
luminophore deposited on a blue crystal made from an
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Puc. 4. CnexmpanbHble xapakmepucmuku c8emoduodHol
dumonerdmei (1), AoMuHecueHmHol Aamnbl (2) u ceéemodud-
Holi pumonamnsi (3)

Fig. 4. Spectral characteristics of led strip section (1), fluores-
cent lamp (2) and phytolamp (3)
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I107151 KOMIIEHCHPYeTCsl, U CABUT YMeHbIIaeTCsl. DPPeKT
I[llTapka Haubonee BEIPSKEH B CBETONHOAAX HA OCHOBE
retepocTpykTyp InGaN u AlGaN [9].

H3BeCTHO, UTO Y KPACHBIX CBETOLHO/IOB HAbIIOAALTCS
CMellleHHe IIMKa JJIMHBL BOJIHBI M3/IyYeHUs: yBeluye-
HHe TOKA IIPUBOAUT K Pa3’orpeBy aKTHUBHOK 00JIACTH
KPUCT/UIA K COBUIY CIIeKTPaJIbHOM XapaKTePHUCTHKH
B JJIMHHOBOJTHOBYIO 00JIACTh, UTO CBSI3AHO C TeMIlepa-
TYPHBIM H3MeHeHHeM LIMPHUHBI 3allpelleHHON 30HbI
[10]. MbI TaxKe Habmoganu s1oT 3¢deKT (prc. 5b).

BakHeHIIeH XapaKTepHCTUKON CBETOLUOMAOB SIBIIS-
eTcst 1 - 3@PeKTUBHOCT ITpeobpa3oBaHUS NIeKTpUUe-
CKOI SHEePruH B CBETOBYI0. IPeKTHBHOCTb CBETOAHOAA
IIpencTaBisieT coboi ero Ko3GGHULIKEHT I10/Ie3HOTr0 Jek-
cTBus (KITJ) ¥ cBS3aHA C BHEIIHHMM KBAaHTOBBIM BBIXO-
JOM 3/1eKTPOIIOMHUHECLIEHIIUH 1), COOTHOILIeHueM [7]:

P hw

Zopt
w e e

rae hw - 3Heprusi GoToHa, COOTBETCTBYIOIIAST MaKCH-
MyMy CIIeKTpa u3ly4dyeHus, U - IIPUJIO’KeHHOe BHeIl-
Hee HallpsDKeHHe.

Hamu 6BUIM PacCMOTpPeHBI 3aBHUCHMOCTH 3ddex-
THUBHOCTH OHUTONIEHTH OT Toka (puc. 6), Ha KOTO-
PBIX MOXKHO HabJI0faTh CHHKEHHe XapaKTepHUCTHKH,
KOTOpOe CBSI3aHO C YMeHbIlIeHHeM KBAaHTOBOI'O BBIX0O/A
JIIOMHHeCLeHIIJMM H3-3a pa3orpeBa CTPYKTYphl IIPO-
TeKAIOUIUM TOKOM, a TaKKe C HachblleHHeM H3/yda-
TEJIbHON peKOMOMHALIMU U CHUKEHUEM ee 3bdPeKkTHB-
HOCTH H3-33 3aIIOJIHEHHUSI SHepPreTHYeCKHUX ypOBHeEH
B aKTUBHOM 006/71aCTH.

=

InGaN-based solid solution leading to a higher supply
voltage.

The LED radiation spectrum is determined by the
semiconductor luminescence spectrum specified by
its band structure, primarily the bandgap energy [6].
The availability of quantum wells, wires or dots in the
active region leads to the fact that the radiation spec-
trum is determined by their parameters, in particular
by the position of size quantization levels [7]. The base
material for the short-wave radiation sources (0.25-0.6
pm) is gallium nitride and its solid solutions; for LEDs
in the yellow, orange, red and near-IR spectral regions
(0.58-0.9 pm) it is arsenide gallium and direct band
gap solid solutions in the (Ga, In, AP and (Ga, ADAs
systems. Only the direct band gap materials are used
in the active region [7]. For different ranges, the radia-
tion spectrum range is various since it is determined
by the distribution of charge carriers in the band
gap.

We conducted the studies at room temperature at
various pump currents of light-emitting structures.
The white luminiferous LEDs have peak values in the
blue (454 nm) and yellow (575 nm) spectral regions.
The peak wavelength of the red LED is 664 nm.

In the aggregate, the radiation spectra of white
and red LEDs generate the radiation spectrum of the
phyto-strip (Fig. 4). The radiation spectrum of a fluo-
rescent lamp (Fig. 4) is specified by multiple peaks,
the highest radiation intensity is observed at the
wavelengths of 611 nm, 545 nm and 542 nm. The spec-
tral characteristic of the grow lamp (Fig. 4) contains 2
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Fig. 5. Change in the peak emission wavelength of blue crystal white LED (a) and red LED (b)
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BakHeHIIMM IIOKa3aTejJeM [Jis MCIIOJb30BaHUSI
OCBeTUTeNbHOro Iprubopa B 06JaCTH BBIPAIIMBAHUS
PacTeHHUH SIBJISIETCSI TO, KaKOe KOHMYecTBO cBeTa B obia-
CTH QOTOCHMHTETHYeCKH aKTHUBHOM pamuanuu (PAR -
photosynthetically active radiation) on co3maet. Ilosic-
HUM /IS CIIPAaBKH, YTO QPOTOCHMHTETHYECKH aKTHBHAs
panuanus (PAP) - 3T0 YaCThb J1eKTPOMArHUTHOIO U3MY-
YeHHsI, KOTOpasi MOKeT OBITh KCII0NIb30BaHA B Ka4eCTBe
KMCTOYHUKA SHepryuM sl NIPOTeKaHMs IIpolecca GpoTo-
CHHTe3a B 3e/IeHbIX PaCTeHHX.

®AP m3MepsieTcsl KakK IUIOTHOCTH QOTOCHHTETHYe-
ckoro poToHHOrO roToka (PPFD - Photosynthetic Photon
Flux Density), equHHIIA H3MepeHHs MKMOJb/M?/c.
Hecmotpst Ha TO, 4yTro QAP OXBaTblBaeT BCKO BHAU-
MYIO 4YaCTb CIIeKTpa, Haubonee 3PpeKTUBHBIMHU SIBIISI-
IOTCSI CHHSIS U KPacHasl 4acTH CIIeKTPa ¢ BTOPUYHBIMHU
IIMKaMH B JKeJITOM M OPaH)KeBOM 4YacTAX. YIbTpadHo-
netoBoe (YO) u undpaxpacHoe (MK) u3nydeHHe Haxo-
JSTCS 3a Mpefie/laMU BUAMMOIO AUAIla30Ha CBeTa U He
BXOomaT B guana3oH ®PAP. PPFD - r1oTHOCTh POTOCHH-
TETUYECKOT0 pOTOHHOrO IOTOKA, MKMOJIb/MZ/c. PPFD
nu3MepsieT KonudecTBo cBeta PAP (OTOHOB), KOTOpOE
II0I1aJjaeT Ha IIOBEPXHOCTh PACTeHUS KaKAYIO CeKyHIY.
UT06BI cBeT 6611 3G GEeKTUBHBIM /IS BRIPALIUBAHUS 3)H-
POMAC/IMYHBIX, OBOIIHBIX W JPYIHUX KYyJIBTYp, OH JOJ-
sKeH uMeTb 3HaueHus PPED ot 150 7o 600 MKMOIb/ M2/ c.
[ cpaBHeHHSI OTMeTHM, 4To PPFD ecTecTBeHHOro
COJTHEYHOI a MMeeT 3HaueHHe 900-1500 MKMOJIb/M?2/C
B MOMEHT, KOTJIa COJTHIIe HaXOAHTCS B 3eHUTE.

PPF - GOTOCHHTETHYECKHUH II0TOK ¢(poToHOB (Pho-
tosynthetic photon flux), mrmons/c. PPF u3mepsieT
obmree RomuuecTtBo PAP, KOTOpPOe ITPOK3BOLUTCS CHCTe-
MOH OCBeIeHHUsI KKAYIO CEeKyHAY .

DOTOCUHTETUYECKUI II0TOK POTOHOB PACCUUTHIBA-
eTcst 1o popmyite [11]:

[ A ah =k [N,

PAR — Jaoo "N\ heN 400 T
A

roe Fpar GOTOCHUHTETUYECKUN TI0TOK (GOTOHOB,
MKMOJIB/C; (p), — CIIeKTpajJibHasl IUIOTHOCTDb pacIipenese-
HUSI MOILIHOCTH U3/y4eHUs rpubopa (B obnactu PAP),
BT/HM; A - IyIiHA BOJIHEL, HM; h - mocTossHHa4 [1aHKa;
€ — CKOpoCTh cBeTa; N, — uncino ABorazpo; K - koapodu-
LIMeHT IIPOIIOPLIMOHAIBHOCTH.

9$PeKTUBHOCTD H3TydaTenbHOro mprubopa B obia-
ctu PAP paccuuTbiBaeTcs 1o popmyste [11]:

n _ For
PART T

Toe  Tpar spdexTUBHOCTF B obmactu DAP,
MKMOb/BT/c; P - moTpebisiemast MoiHOCTh, BT. C yBe-
nuYeHHeM paccTossHUs PPED ybbIBaeT COrsacHO 3aKOHY
obpaTHBIX KBafpaToB. Obuiee 3HaueHHe PPFD cBeTO-
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main emission peaks in the blue (461 nm) and red (638
nm) regions.

RESULTS

As the current increases, a change in the emission
wavelength of white and red LEDs is observed. For
white LEDs, this change is related to the quantum-
dimensional Stark effect (QDSE). The internal piezo-
electric fields develop the Stark effect that reduces
the internal quantum efficiency. This effect pro-
vides for a change in the energy spectrum of atoms,
molecules and crystals in an electric field and
takes the form of heterostructures with the quan-
tum wells (QWs) in the blue shift of the QW exci-
tonic absorption line. The shift in the luminescence
spectrum at low currents is due to the influence
of elastic stresses that cause lattice deformation
at the heterojunction, and the built-in electric
field [8]. Under the built-in electric field influence,
the well shape is greatly distorted and a QDSE is
occurred. This phenomenon leads to an increase in
the distance between the levels resulting in a shift
of the luminescence spectrum to the short-wave
region (Fig. 5a). As the external voltage increases,
influence of the built-in field is compensated and
the shift is decreased. The Stark effect is most pro-
nounced in the LEDs based on the InGaN and AlGaN
heterostructures [9].

It is well-known that red LEDs show a shift in
the peak radiation wavelength: an increase in the
current level leads to heating of the active crystal
region and a shift of the spectral characteristic to
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Fig. 6. Efficiency characteristic of led strip section
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IHUONHON GUTONeHTHI (pHC. 7 a) BO3POC/IO, TaK KaK BO3-
POCIIO KOJIMYECTBO CBETOAHOAOB: 6 OeJIbIX U 3 KPACHBIX.
Cpenuee 3sHaueHHe PAP, MpUMeHHMOe i BBIpaIllH-
BaHHs pacTeHUN (~300 MKMOJIb/M?/C) U HOCTUTaeMoe
npu pabouem TOKe, CHSITO C OLHOTO MeTpa GUTOIEHTHI
Ha PacCTOSSHUU ~20 cM (MaKCHMMaIbHO IOCTIDKHMOE
3HaueHHe PPFD Ha JAaHHOM PAacCTOSIHUH) OT obnydae-
MO 00/1aCTH.

ME&I U3MepUId GOTOCUHTETHYECKUH ITOTOK GOTOHOB
ocBeTUTeNbHOro pubopa (puc. 7b) mpu moMouiy UHTe-
rpupymoomer chepsl. BHYTpeHHSS 4acThb M0N0 cdepbl
umeer benoe (pToportacrt), obnamamoliee BBICOKOH
OTPsKAIOLIEH K PacCeUBAIOLIeH CIIOCOOHOCTHIO. B co0T-
BETCTBHUH CO CBETOTeXHUYECKUMHU TpeboBaHUIMU [OCT
P 57671-2017 3¢dekTUBHOCTD IIpHOOpoB B obnactu QAP
IOJKHA O6bITh He MeHee 2,0 MRMOJTb/ [IK /1 TpUOOpOB,
IpefHA3HAYeHHBIX [UIS1 OCBeIIeHHUSI PACTeHUM CBepXy.
Kak BHUAHO U3 PHUC. 7C, 3QPeKTUBHOCTb UCC/IeAyeMOU
dutonenTs! B obnactu ®AP mipu paboyeM TOKe COCTaB-
nseT 2,62 MKMOJIb/ JIK, 4TO Ha 31% BblIllle HOPMBI.

=

the long-wave region that is related to a tempera-
ture change in the band gap [10]. Moreover, we have
observed this effect (Fig. 5b).

The most important specification of LEDs is 7,
namely the efficiency of converting electrical
energy into the light energy. The LED efficiency is
its coefficient of performance (COP). It is related to
the external quantum yield of electroluminescence
n. by the following ratio [7]:

Py oo
n= *——Te»
U eU

where hw is the photon energy corresponding to the
maximum value of the radiation spectrum, U is the
applied external voltage.

We have studied dependence of the phyto-strip effi-
ciency on the current (Fig. 6) that show a decrease in
the characteristics related to a decrease in the quan-
tum luminescence yield due to the structure heating
by the flowing current, as well as to the saturation
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Fig. 7. Dependence of the PPFD value on the distance for all
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efficiency of the device in the PAR region (c) on the current
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ITornomeHUI0 cBeTa GOTOCHCTeMaMU CIIOCOOCTBYIOT
doToCHHTeTHYeCKHe IMHUTMeHThl. KucioponHsle GoTo-
CHHTe3aTOPhbl, K HUM OTHOCSITCSI TaKHe PacTeHMsI, Kak
BOZIOPOC/TH M IMAaHOOAKTEPHUH, HCIIONIB3YIOT IUTMEHTBI
xjaopodmia. CyllecTBYeT HECKOIBKO Pa3IHMYHBIX
TUIIOB XJIOPOU/UIA, IIPUYEM XIOPOPIIIT & K XJIOPO-
dunn b saBnsrorcs Haumboslee pacrpocTpaHEeHHBIMH
TUIIAMH B Ha3eMHOM pacTHTenpHOCTH [12]. Oba mur-
MeHTa O00/IaflaloT MHUKAMH IIOIVIONIeHHsI B KPaCHOH
M CUHeH 007acTSX CIeKTpa, IMpHUYeM XJIOPOQHIII
a MMeeT IHUKU Ipu 430 u 662 HM, a xnopodusr b -
npu 453 u 642 HM (pacrosiokeHHe 3THX IIHKOB CMe-
IIAEeTCs B 3aBUCHMOCTH OT CBOMCTB KJIETKH, B KOTOPOL
OHH HaXOOATCS).

Bozmopociu M 1IMaHOOGAKTePUH COMeP>KaT [OIONHU-
Te/lbHBIe THUIIBI ITMIMEHTOB XJI0pPodHIIIa, TakHe KaK
xnopodusl ¢, d u f [13]. AHORcureHHBIe GOTOCHHTe-
3aTOpBI, TaKHe KaK IypIypHBle OaKTepHHU, 3eleHble
cepHble 6aKkTepUH, reIM0baKTePUN U HUTYATBIE AaHOK-
chreHHele GOTOTPODBI, HUCIIONB3YIOT AJIbTePHATHBHBIE,
HO POICTBEHHBIe NUTMEHTBI, Ha3blBaeMble OaKTepH-
oxnopoduutamu [14]. B momonHeHHe K IIMIMEHTaM,
yIaBIUBAIOIIUM [I€PBUYHBIH CBeT, GOTOCHHTE3aTOPBL
HCIIONB3YIOT “aHTeHHble IIUTMEHTH», HaIIpUMep,
KapOTHHOU/BI, IJIs1 3aXBaTa pOTOHOB C Hosiee BHICOKOK
SHepruen u Iepefavyu HUx B dpoTocrcTeMmy. Ha puc. 8
IIOKa3aHBbl CIIEKTPbI IIOIJIOIIEHHS Pa3THUYHBIX X/IOPO-
duNIoB M IPYyrHUX CBeTOYIaBIMBAIOUIMX ITMIMEHTOB,

of radiative recombination and decrease in its effi-
ciency due to the energy level filling in the active
region.

The most important indicator for use of a lighting
device in the field of plant growing is the quantity
of light in the area of photosynthetically active radi-
ation (PAR) provided by it. Let us explain that the
photosynthetically active radiation (PAR) is a part
of electromagnetic radiation that can be used as
an energy source for the photosynthesis process in
green plants.

PAR is measured as a photosynthetic photon
flux density (PPFD), the unit of measurement is
pmol/m?/s. Although PAR covers the entire visible
part of the spectrum, the most efficnet are the blue
and red spectrum portions with the secondary peaks
in the yellow and orange parts. The ultraviolet (UV)
and infrared (IR) radiation are outside the visible
range of light and are not included in the PAR range.
PPED is a photosynthetic photon flux density, mea-
sured by pmol/m?/s. PPFD measures the quantity of
PAR light (photons) that hits the plant surface every
second. For light to be effective for growing essen-
tial oil-containing cultures, vegetables and other
crops, it must have the PPFD values from 150 to
600 pmol/m?/s. For comparison, it should be noted
that the PPFD of natural solar radiation has a value
of 900-1500 pmol/m?/s when the sun is high.
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Puc. 8. Cnexmpbi n02A0UeHUSI 0CHOBHbIX GOMOXUMUYECKUX NU2MeHmMOo8 pacmeHuli U cnekmp u3Ay4yeHus ceemoduodHol Gpumo-
nenmbl (1-xnopoduan a, 2 - xnopopuaa b, 3 - xnopoduna d, 4 - aAomeuH, 5 — 6ema-kapomuH, 6 — umoneHma, 7 - AOMUHeC-

Fig. 8. Absorption spectra of the main photochemical plant pigments and the emission spectrum of the led strip (1~ chlorophyll
a, 2 - chlorophyll b, 3 - chlorophyll d, 4 - lutein, 5 - beta-carotene, 6 — led strip, 7 - fluorescent lamp, 8 - LED lamp)
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a TaKKe CIIeKTP H3/1y4eHHs QHUTOJIEHTHI, JIOMHHEC-
LIeHTHOHN U CBeTONMONHOMU JIaMIl. OcHOBHas oyt QAP
IIPUXOJUTCS Ha KPACHBIM M 3eJIeHbIH JHaIla30HbI: CBe-
TOAMOAHAS QUTOTIEHTA MMeeT COOTHOLIeHHe I10 3Have-
guio PPFD: 15% cuHero (400-500 um) + 40% 3ei1eHOro
(500-600 HM) + 45% KkpacHoro (600-700 HM).

OueHKa BIMUSAHHS GOPMBL CIIeKTpa Ha 3PPeKTHB-
HOCTh obnydartensHoro npubopa B obmactu AP ocy-
IIeCTB/IA/IACh IIyTeM HaJOXKeHHs Ha CIIeKTp IIOIJIOoNe-
HHS IIUTMEHTOB PAacTeHHI, TaKUX KaK XJIOpodH/II a,
xnopodrn b v KaporuHOMABI (pHc. 8). Hamnydinee
IepeKphITHe CIIeKTPOB H3/Iy4eHHs IPHOOPOB U IIOIJIO0-
meHUsT GOTOXMMHUYECKHUX IIMTMEeHTOB C yueToM KIIJ|
I1peobpa3oBaHUsl 371eKTPHUUECKOM MOIIHOCTH B OITH-
YecKylo HaOJIo/laeTcsl Y CBETOLUOAHBIX H3IydaTener
U cocTaBiser 42,2% B oTaudue oT 8,9% y GuTO/IaMIIBI
1 9,6% y TIOMHUHEeCLIeHTHOM JIAMIIBL.

OBCYXAEHWE PE3YJ/IbTATOB
dryopecLieHTHOe OCBellleHHe B COYeTaHUH C JIaMIIaMH
HaKaJIMBaHMS IOAJE€P>KUBAET BeTeTaTUBHBIM POCT pac-
TeHHUH, OKPacKy, BHEIIHWI BHJ M KauecTBO IIPOAYK-
LMK, aHAJIOTHYHO TOMY, UTO IIPOMCXOOUT IIPU COJ-
HeYHOM H3/1y4eHHU. OZHAKO HabIIoaeTcs CHHUKeHHe
CKOPOCTH POCTa M HaKOIUIeHHs 6uomacchl. Besble cBe-
TOAMOABI B COUeTAaHUH C KpacHBIMHU CH/I CII0cOOCTBYIOT
HaKOIUIEHHIO YIJIEBOJOB M IIOBBHIIIEHUIO 3GHEKTHBHO-
CTH UCIIO/Ib30BAHMS 3HEPIHUH II0 CPAaBHEHUIO C JIIOMU-
HeCLIeHTHBIMH JIaMIIaMHU Ha CTafuM IPOpacTaHHUI
U TIOC/IeIYIOIIKX CTAAUSX Ky/JIbTUBHPOBaHUS [15].

Hamu 6bUIO YCTAaHOBIEHO, YTO CpefHee 3Ha4yeHHUe
IIJIOTHOCTH (OTOCMHTETHYEeCKOro QOTOHHOIO IIOTOKa,
TpebyeMoe 111 3GPeKTHBHOIO BBIPALMBAHHUS pacTe-
HUH (~300 MKMONB/M?/C), KOCTUTAETCS NpU pabouem
TOKEe OJJHOTO MeTpa GUTOJIEHTHI HAa PACCTOSHUH ~20 CM
oT obnydaemort obmacty. CIIEKTPAJIBHBIM COCTaB CBe-
TOAMOMHON GHUTONEHTH C COOTHOIIEHHEeM B obractu
DAP 15% cunero, 40% 3emeHoro u 45% KpacHOIO CBeTa,
He CUMTAeTCd ONTHMAIBHBIM IJIS1 CTUMY/ISLIUKN POCTa
3e/IeHBIX Ce/IbCKOXO3SIMCTBEHHBIX KyIBTyp. JTO COIJIa-
CyeTcsi ¢ pe3yabTaTaMu pabor [16, 17], aBTOpBI KOTOPBIX
ITOKa3aJIH, YTO CIIeIIUATIbHBIM I10160POM CBETOLHOOB,
H3/Iy4alolliMX Ha OIlpefe/leHHbIX JJIMHAX BOIH, MOKHO
0becIieurTh JOCTATOUHYIO SHEPIHIO /ISl CTUMYJISILIUHI
$OTOCHHTETHYECKUX ITUIMEHTOB, OoJblllee HaKOILIEe-
HHe CyXOM Macchl. [ MaKCHMAaJIbHOM CTHMYJISLUH
pPOCTa TaKUX pAcCTeHUN 6ojee IpPeNIIOYTHUTETBHBIM
SBJISIETCSL CIIeKTP C Oolee BBICOKHMM COmep>KaHUeM
CHHero 1 KpacHOro CBeTa, KOTOPbIe COCTaBSOT 10 80%
ot ob1ero PPED.

V3BecTHO, 4YTO HCIIO/Nb30BaHHE CBETOOMOJOB IIO
CPaBHEHHIO C TaKUMH TPaJULHMOHHBIMH YCTPOM-
CTBaMHM, KaK HaTpHeBble JIAMIIBl BBICOKOTO JNABIEHMUS

=

PPF is a photosynthetic photon flux, measured by
pmol/s. PPF measures the total amount of PAR that is
produced by a lighting system every second.

The photosynthetic photon flux is calculated by the
following formula [11]:

[ A=k [pAdn,

PAR  Jaoo "\ heN it
A

where Fp,y is the photosynthetic photon flux, pmol/s;
¢, - spectral density of the radiation power distri-
bution of the device (in the PAR region), W/nm;
A - wavelength, nm; h - Planck’s constant; c - velocity
of light; N, - Avogadro’s number; K - proportionality
coefficient.

The efficiency of the emitting device in the PAR
region is calculated by the following formula [11]:

n _ Fr
PART T

where np,y is efficiency in the PAR region, pmol/W/s;
P - power consumption, W. As the distance increases,
PPED is decreased according to the inverse square law.
General PPED value of the LED phyto-strip (Fig. 7a) is
increased as the number of LEDs raised: 6 white and
3 red ones. The average PAR value applicable for the
plant growing process (300 pmol/m?/s) and achieved
at the operating current was obtained from one meter
of phyto-strip at a distance of ~20 cm (the maximum
achievable PPFD value at a given distance) from the
irradiated area.

We measured the photosynthetic photon flux of the
lighting device (Fig.7b) using an integrating sphere.
The internal part of the hollow sphere is white (fluo-
roplastic) that provides high reflective and scattering
properties. In accordance with the lighting require-
ments of GOST R 57671-2017, the efficiency of devices
in the PAR region must be at least 2.0 pumol/] for the
devices intended to illuminate the plants from above.
As it is shown by Fig. 7c, the efficiency of phyto-strip
under study in the PAR region at an operating cur-
rent is 2.62 pmol/J that is 31% higher than the normal
value.

The light absorption by the photosystems is pro-
moted by the photosynthetic pigments. The oxygen
photosynthesizers including the plants such as algae
and cyanobacteria, use the chlorophyll pigments.
There are several different types of chlorophyll, while
chlorophyll a and chlorophyll b being the most com-
mon types for the ground vegetation [12]. Both pig-
ments have absorption peaks in the red and blue
spectral regions, while chlorophyll a having the peaks
at 430 and 662 nm, and chlorophyll b having the peaks
at 453 and 642 nm (the location of these peaks is dis-
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WM JIIOMUHECLIeHTHBIEe JIAMIIBI, JaeT 6ojiee BBICOKYIO
3HepreTHYecKy 3$GeKTHBHOCTh. DPPeKTHUBHOCTD
BO3/IEHCTBUS H37y4eHHs] QUTONEHTBl Ha pacTeHHS,
OLleHeHHass B paboTe, CYIIEeCTBEHHO IIPeBOCXOAUT
3@ PeKTHBHOCTb BO3/I€UCTBHS AIbTEPHATUBHBIX HCTOY-
HHKOB M3/Iy4YeHHUS M COCTaBisgeT 42%, 4To B 4,7 pasa
BbllIe 3¢pGeKTUBHOCTH QUTOIAMIIBL IIOJIHOTO CIIeKTpa
B obmactu ®AP u B 4,4 pasa Bblme 30PeKTHBHOCTH
JIFOMHHECIIeHTHOH JIAMIIBI.

3AKJTKOYEHUE

CBeToguonHas GUTONIEHTA CO CIEKTPabHBIM COCTa-
BoM: 15% cuHero, 40% 3eneHoro U 45% KpacHOro CBeTa,
obnazmas BBICOKOH 3bGEKTHUBHOCTBIO, BO3MOXKHOCTBIO
OUMMHPOBaHUS (PeryJIHMpoBKa SPKOCTH OCBeIeHHs)
Y CIIEKTPOM H3/1y4eHMsl, COOTBETCTBYIOMIUM CIIeKTpaM
IIOIVIOIeHMSI ITIMTMEHTOB PAaCTeHHH, HelaloT YCTPOM-
cTBO Hamuboree ITPeNIIOYTHTENBHBIM [JISI HUCIIONTB30Ba-
HUSI B arpOIIPOMBIIIIEHHBIX MPedIpHUATUAX IJIS yYBe-
JHYeHHNs IPONYKTHBHOCTH CElTbCKOIO XO35MCTBA. IIpHu
3TOM CJlefyeT YYHTBIBATh TakKe IIPOCTOTY M 6e3orrac-
HOCTh MOHTaKa OCBETHTeNbHOro mpubopa. Bricokas
3pdeKTUBHOCTh QUTOIEHTHI I103BOJIUT ITOBBICUTH Kaye-
CTBO POCTa Pa3HOOOPA3HBIX KJIACCOB CETBCKOXO03SIHCTBEH-
HBIX KYJIBTYP B aBTOHOMHBIX arpOIIPOMBIIIIEHHBIX
NpedNpUATHIX. B AaJbHeHNIINX HCCIef0BaHHUX ILIa-
HUPYIOTCS HCCIe0BAHHS METONOB COKpallleHUs 3Hep-
rosaTpaT IIPY HCIIOIB30BAaHHUM CBETOLUONHOM QPUTO-
JIEHTBI B TEIJIMYHBIX IIPOMBILITIEHHBIX KOMILIEKCaX.
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placed depending on the cell properties where they are
located).

Algae and cyanobacteria contain additional types
of chlorophyll pigments such as chlorophylls c, d
and f [13]. Anoxygenic photosynthesizers such as
purple bacteria, green sulfur bacteria, heliobacteria
and filamentous anoxygenic phototrophs, used the
alternative but related pigments called “bacterio-
chlorophylls” [14]. In addition to the pigments that
capture primary light, the photosynthesizers apply
“the antenna pigments”, such as carotenoids, to
capture higher energy photons and transmit them
to the photosystem. Figure 8 shows the absorp-
tion spectra of various chlorophylls and other light-
catching pigments, as well as the radiation spectrum
of phyto-strip, fluorescent lamps and LED lamps. The
main PAR share falls on the red and green ranges:
LED phyto-strip has a following PPFD ratio: 15%
blue (400-500 nm) + 40% green (500-600 nm) + 45%
red (600-700 nm).

The spectrum shape influence on the efficiency of
irradiation device in the PAR region was assessed by
superimposing the plant pigments such as chloro-
phyll a, chlorophyll b and carotenoids, on the absorp-
tion spectrum (Fig. 8). The best overlap between the
radiation spectra of devices and the absorption spec-
tra of photochemical pigments, with due regard to
the efficiency of converting electrical power into the
optical power, is observed for the LED emitters and is
equal to 42.2%, in contrast to 8.9% for a grow lamp and
9.6% for a fluorescent lamp.

DISCUSSION OF RESULTS

The fluorescent lighting, combined with the
incandescent lamps, promotes the vegetative plant
growth, color, appearance and product quality,
similar to the results obtained with the solar radiation.
However, there is a decrease in the growth rate and
biomass accumulation. The white LEDs combined
with the red LEDs promote carbohydrate storage and
improve the energy efficiency level compared to the
fluorescent lamps during the germination stage and
subsequent cultivation stages [15].

We have found that the average value of the photo-
synthetic photon flux density required for the efficient
plant growth (=300 pmol/m?/s) is achieved with an
operating current of one meter of phyto-strip at a dis-
tance of 20 cm from the irradiated area. The spectral
composition of LED phyto-strip with a ratio in the PAR
region of 15% blue, 40% green and 45% red light is not
considered optimal for growth stimulation of green
agricultural crops. This phenomenon is consistent
with the results presented in the papers [16, 17], the
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authors of which have shown that special selection of
LEDs emitting the light at certain wavelengths makes
is possible to provide sufficient energy to stimulate
the photosynthetic pigments and greater accumula-
tion of dry mass. To maximize the growth stimulation
of such plants, a spectrum with a higher content of
blue and red light that constitutes up to 80% of the
total PPFD, is more preferable.

It is well-known that the application of LEDs, com-
pared to the conventional devices such as the high-
pressure sodium lamps or fluorescent lamps, provides
higher energy efficiency. The impact effectiveness of
the phyto-strip radiation on plants evaluated in this
paper, significantly exceeds the impact effectiveness
of alternative radiation sources and is equal to 42%
being 4.7 times higher than the efficiency of a full-
spectrum grow lamp in the PAR region and 4.4 times
higher than the efficiency of a fluorescent lamp.

CONCLUSION

The LED phyto-strip with a spectral composition of 15%
blue, 40% green and 45% red light has high efficiency,
dimming possibility (adjustment of the light
brightness) and a radiation spectrum corresponding
to the absorption spectra of plant pigments. Such
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properties make the device most preferable for use
in the agroindustrial enterprises to increase the
agricultural productivity. In this case, the installation
simplicity and safety of the lighting device should also
be considered. The high efficiency of phyto-strip will
improve the growth quality of various agricultural
crops in the autonomous agroindustrial enterprises.
During the further research, it is planned to study
the energy cost reduction methods when using
the LED phyto-strips in the industrial greenhouse
complexes.
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