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Sesavali 
 

naSromis ZiriTadi mizani. kompiuteruli teqnikis ganviTarebam xeli 
Seuwyo, maTematikuri fizikis sasazRvro amocanebis amosaxsnelad, 
ricxviTi meTodebis intensiur gamoyenebas. es gulisxmobs fizikuri 
amocanis gaigivebas maTematikur modelTan. ricxiviT eqsperiments 
Tanamedrove eleqtrodinamikaSi mniSvnelovani adgili uWiravs. 
gamokvlevis specifika imaSi mdgomareobs, rom es ar aris cnobili 
formulebiT raime modelis maxasiaTeblebis dadgena erTjeradi 
gamoTvlebiT, aramed rTuli gamoTvlebis mTeli kaskadia, romlis 
procesSic xdeba rogorc modelis dazusteba, aseve gaTamaSebuli 
fizikuri movlenis Seswavla. amgvarad, SesaZlebeli xdeba Zvirad 
Rirebuli realuri eqsperimentebis Canacvleba kompiuteruli 
modelirebiTa da gamoTvlebiT. am mizniT mniSvnelovania, gamoyenebiTi 
eleqtrodinamikis amocanebis amosaxsnelad, efeqturi ricxviTi meTodebis 
SemuSaveba da arsebulis srulyofa, radgan ricxviTi meTodebi amocanebis 
amoxsnisas garkveul, did sirTuleebs awydeba. universaluri midgomis 
Seqmna calke problemas warmoadgens. gamokvlevebisTvis SemuSavebuli 
ricxviTi meTodebi da algoriTmebi unda xasiaTdebodnen sakmarisi 
efeqturobiT, xolo maTi qmediTunarianoba unda Candes rogorc 
konkretuli,  aseve aratrivialuri amocanebis amoxsnisas.  

naSromi Sedgeba ori nawilisagan. 
pirvel nawilSi warmodgenilia Sebrunebuli amocanis amoxsnis ori 

meTodi da TiToeuli meTodis saSualebiT xdeba Sebrunebuli amocanis 
amoxsna. maTi ZiriTad mizania samganzomilebian Tavisufal sivrceSi, an 
raime garemoSi, moTavsebuli sxeulis vizualizacia, misi formis, zomis, 
mdebareobisa da eleqtrodinamikuri parametrebis gansazRvra.  

naSromis meore nawili Seexeba fotonuri kristalebis kompiuterul 
modelirebas da misi ZiriTadi mizania: organzomilebian sivrceSi rTuli 
Sinagani struqturis mqone fotonur kristalebze  eleqtromagnituri 
talRis difraqciis  amocanis amoxsna; maTi eleqtrodinamikuri Tvisebebis 
gamokvleva dacemuli eleqtromagnituri talRis konkretuli parametrebis 
dros; rezonansuli velebis yofaqcevis Seswavla obieqtis geometriaSi 
Setanili cvlilebebis SemTxvevaSi; fotonuri kristalebis, rogorc 
erTiani sistemis, sixSiruli maxasiaTeblebis Seswavla da ricxviTi 
eqsperimentis Sedegebis Sedareba realur eqsperimentTan. 

Temis aqtualoba. Temebi, romelsac winamdebare naSromi exeba, metad 
aqtualuria. kerZoT, Sebrunebuli amocanis amoxsna wlebis manZilze 
kvlevis mniSvnelovan sagans warmoadgenda. is gamoiyeneba iseT dargebSi, 
rogoricaa arqeologia _ miwaSi arsebuli Zvirfasi arqeologiuri 
masalebis aRmoCena distanciurad, rac Tavidan gvacilebs miwis  gaTxris 
mZime  da xangrZliv process; samedicino tomografiaSi adamianis Sinagani 
organoebis gamokvlevisTvis; agreTve samxedro sferoSi miwaSi arsebuli 
feTqebadi masalebis deteqtirebisaTvis. am bolo dros es Tema metad 
aqtualuri gaxda miwaSi gamavali wyalgamtari milebis defeqturi 
nawilebis aRmosaCenad.  naSromis am nawilze muSaoba xorcieldeboda 
saberZneTis grantis farglebSi, romelic swored am problemas Seexeba.  
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metad aqtualuria naSromis agreTve Semdegi nawili, romelic Seexeba 
fotonuri kristalebis Tvisebebis Seswavlas maTi kompiuteruli 
modelirebis saSualebiT. informaciis Warbi zrda da misi swarafi 
gadamuSavebis moTxovnileba saWiroebs ultrazemaRal da optikur 
diapazonSi momuSave eleqtronuli mowyobilobebis damzadebas. sixSiris 
zrdis paralelurad mcirdeba mocemuli mowyobilobebis zomebi, rac maT 
damzadebas sakmaod arTulebs. am problemis gadaWris mizniT iyeneben 
fotonur kristalebs, romelTa damzadebac SedarebiT martivia zemoT 
aRniSnuli diapazonisTvis. Tumca maTi Tvisebebis uSualo Seswavla did 
drosTan da TanxebTan aris dakavSirebuli. amitom metad aqtualuri gaxda 
maTi gamokvleva ricxviTi eqsperimentis saSualebiT, romelic gacilebiT 
swrafia da ekonomiuri. winamdebare naSromSi  ganxilulia fotonuri 
kristalebis kompiuteruli modelireba damxmare gamomsxiveblebis 
meTodis saSualebiT. naSromis am nawilze muSaoba xorcieldeboda 
Sveicariis grantis farglebSi.    

amocanis amoxsnis meTodika. gasuli saukunis ormocian wlebSi 
elifsuri tipis gantolebebisTvis sasazaRvro amocanebis amoxsna 
Seswavlil iqna italieli mecnierebis pikones da amerios mier. maTi 
Sromebis ZiriTadi Rirebuleba  mdgomareobda aseTi klasis amocanebis 
amoxsnis algoriTmebis Seqmnis SesaZleblobebSi, romlebSic amonaxsni 
warmodgenilia sruli, wrfivad damoukidebeli, araorTogonaluri 
funqciaTa sistemiT. gaSlis koeficientebi ganisazRvreba sasazRvro 
pirobebidan. 

im SemTxvevaSi, rodesac gaSlis funqciebi warmodgenilia helmholcis 
gantolebis fundamenturi amonaxsnebiT, araorTogonaluri mwkrivebis 
meTods ewodeba damxmare gamomsxiveblebis meTodi. 

damxmare gamomsxiveblebis meTodi SemuSavebuli iyo 
eleqtrodinamikis amocanebis farTo klasis amosaxsnelad. rogorc 
gamocdileba uCvenebs, meTodi akmayofilebs im moTxovnebis umravlesobas, 
romlebic zemoT iyo CamoTvlili. es meTodi efeqturad iyo gamoyenebuli 
mTeli rigi eleqtrodinamikuri amocanebis amosaxsnelad. gamoyenebis 
procesSi meTodma Semdgomi ganviTarebac hpova. 

meTodis maTematikuri safuZvlebi Cayrilia qarTveli maTematikosebis 
v.kupraZis da i.vekuas mier [17-19]. Tumca arsebobs rigi Sromebisa, romelTa 
avtorebis mier damoukideblad aris SemoTavazebuli gabneuli velebis 
msgavsi warmodgenebi [21-25]. garkveul periodSi meTodi ganixileboda, 
rogorc fizikuri amocanebis amoxsnis maTematikuri saSualeba da 
yuradReba ar eqceoda fizikur Taviseburobebs. damxmare gamomsxiveblebis 
meTods iyenebdnen maTematikuri fizikis sasazRvro amocanebSi damxmare 
parametrebis optimizaciis gareSe. v.kupraZis da i.vekuas SromebSi 
damtkicebulia, rom nebismieri gambnevi ares SigniT, Caketil zedapirze 
damxmare gamomsxiveblebis raodenobis zrdiT, amonaxsni miiswrafvis 
WeSmariti amonaxsnisken. mogvianebiT, konkretuli gamoyenebiTi amocanebis 
amoxsnisas gairkva, rom gabneuli velis Tvisebebis gauTvaliswineblad 
warmoiqneba seriozuli problemebi. meTodis krebadoba da stabiluroba 
damokidebulia damxmare parametrebis swor arCevaze. aq igulisxmeba, rom 
damxmare zedapiri unda moicavdes gabneuli velis yvela 
gansakuTrebulobas. 
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miRebuli Sedegebis marTebuloba. miRebuli Sedegebis marTebuloba 
mowmdeba sxeulis zedapirze sasazRvro pirobebis Sesrulebis SemowmebiT, 
Sedegebis fizikuri arsis gaanalizebiT. agreTve mcire eleqtruli 
zomebis mqone martiv geometriul figurebze gansxvavebuli meTodiT, 
kerZo SemTxvevebSi analizurad miRebul SedegebTan SedarebiT.   

sadisertacio naSromis mokle mimoxilva. winamdebare naSromSi 
warmodgenilia damxmare gamomsxiveblebis meTodis (dgm) gamoyeneba 
Sebrunebuli amocanebis kompiuteruli modelirebisas; am meTodiT 
fotonuri kristalebis Tvisebebis Seswavla ricxviTi eqsperimentis 
saSualebiT.  

naSromi Sedgeba sami Tavisagan:  
pirvel TavSi laparakia: uSualod damxmare gamomsxiveblebis meTodze 

zogadad; Tu ra saxeze daiyvaneba es meTodi konkretuli amocanebis 
amoxsnisas; kerZoT, Sebrunebuli samganzomilebiani da rTuli metalo-
dieleqtrikul struqturaze difraqciis amocanebis amoxsnisas.  

meore Tavi exeba Sebrunebuli amocanis amoxsnas ori cnobili, 
fotografiuli da holografiuli meTodis saSualebiT.  Seswavlilia 
konkretuli amocana, romelic dakavSirebulia miwaSi CaZiruli sxeulis 
vizualizaciasTan. 

mesame TavSi ganxilulia fotonuri kristalebis gamoyeneba iseTi 
mowyobilobebis Sesaqmnelad, rogoricaa sixSiruli filtri, simZlavreTa 
gamyofi, simZlavreTa Semrevi, cirkulatori; agreTve fazirebuli antenis 
modelis Seqmna. warmodgenilia ricxviTi eqsperimentis Sedegebi.  
naCvenebia dgm-s efeqturoba da garkveul SemTxvevaSi misi aucilebloba 
aseTi tipis amocanebis amoxsnisas.  
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Tavi I 
damxmare gamomsxiveblebis meTodi 
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$1.1 damxmare gamomsxiveblebis meTodi da gabneuli velis 
gansakuTrebulobebi 

 
 

difraqciisa da gabnevis movlenebis gamokvleva, romelic Seexeba or da 
sam ganzomilebian obieqtebs, metad mniSvnelovani Temaa mraval praqtikul 
amocanaSi da am bolo wlebSi gamoiwvia sakmaod didi interesi. efeqturi 
ricxviTi meTodebis SemuSaveba warmoadgens did praqtikul interess.  
Tanamedrove teqnologiebis teqnikuri da fizikuri parametrebis mimarT 
moTxovnilebebis gazrdis gamo, exlandeli kompiuteruli resursi, radgan 
mexsierebisa da centraluri procesoris SesaZleblobebi droSi 
SezRudulia, SemosazRvravs iseTi kargad cnobili meTodebis gamoyenebas, 
rogorebicaa: momentebis meTodi, sasruli elementebis meTodi, sasruli 
sxvaobebi droiT areSi da sxva.  

arsebobs meTodebi, romlebic efuZnebian sxvadasxva meTodebis 
kombinacias, romlebic cnobilia rogorc hibriduli meTodebi. Cveni 
naSromi exeba damxmare gamomsxiveblebis meTodis (dgm) saSualebiT ori da 
sami ganzomilebiani amocanebis amoxsnisas kompiuteruli resursebis 
minimizacias. 

Cven mier qvemoT mocemuli ganxilva SeiZleba gadatanil iqnas 
Sebrunebuli amocanis amoxsnisas. dgm Seiqmna eleqtrodinamikis amocanebis 
farTo klasis gadasaWrelad da gaumjobesda mravali praqtikuli amocanis 
amosaxsnelad. damxmare gamomsxiveblebis meTodis maTematikuri dasabuTeba 
mocemuli iyo kupraZis mier [7]. meTodi [7] tradiciulad gamoiyeneboda dgm-
is saSualebiT maTematikuri fizikis sasazRvro amocanebis amoxsnisaTvis 
misi damxmare parametrebis optimizaciis gareSe. 

[4,5]-Si naCvenebi iyo, rom mocemul algoriTmSi mxedvelobaSi miiReboda 
gabneuli velis gansakuTrebulobebis (gvg) yvela ZiriTadi fizikuri 
Tvisebebi. Cven mier dadgenilia gabneuli velis stabiluroba da gvg.  $1.2 
warmodgenilia dgm-ze dafuZnebuli axali algoriTmi, gvg lokalizacia da 
velis vizualizacia _ dafuZnebuli gabneuli velis analizur 
gagrZelebaze.  

 da bolos or ganzomilebian amocanebSi gamoyenebulia funqcia 

, romelic aRwers ganSlad talRebs. xolo sam ganzomilebian 
amocanaSi Cven mier gamoyenebuli iqna elementaruli dipolis funqcia 
pirdapiri amocanis amosaxsnelad; Sebrunebuli amocanis gadasawyvetad ki 
gamoyenebuli iqna igive funqcia, oRond masSi talRuri veqtoris 
mimarTuleba Secvlili iqna  sawinaaRmdegoTi. cnobilia, rom gvg 
ganawilebulia rogorc `mnaTi wertilebi kaustikuri zedapiris 
maxloblad.~  gvg-s am ganlagebis gamoyenebiT, Cven mier miRweul iqna, did 
obieqtebze gabnevis amocanebis efeqturi amoxsna gabneuli velis 
nawilobrivi warmodgenebis saSualebiT.  

)kr(H )1(
0

ganvixiloT or ganzomilebiani gabnevis amocana, romelic naCvenebia nax. 
I.1-ze, sadac SemomsazRvreli zedapiri S aris idealuri gamtari da 
zedapiris Siga are aRniSnulia D-Ti (igive ganxilva mcire SesworebebiT 
SeiZleba gadatanil iqnas dieleqtrikze difraqciis amocanis amoxsnisas, 
rogorc ori ise sami ganzomilebiani SemTxvevisTvis)  da moiTxoveba 
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ganisazRvros eleqtruli E
r

 da magnituri H
r

 velebi D-s gareT, romlebic 
akmayofileben talRur gantolebas sasazRvro S zedapirze, rodesac gvaqvs 

dacemuli talRa. Ui
 velis droze damokidebuleba miviCnioT  -saxis. 

gabnevis amocana daiyvaneba helmholcis gantolebis amonaxsnis povnaze:  

tie ω−

 

                                                                                         (1) 0),,(),,( 2 =+Δ zyxUkzyxU SS

 
aq moiTxoveba sasazRvro pirobebis Sesruleba 
 

 { } ,0),,(),,( =+ zyxUzyxUW is SzyxM ∈),,(  (2)  
 

sadac  aris gabneuli veli (gv),  aris dacemuli veli W 
aris sasazRvro pirobis operatori: 

),,( zyxU s ),,( zyxU i

 

nax 1.1 dgm or ganzomilebiani, idealurad gamtari obieqtis geometria. damxmare 

wyaroebi ganTavsebulia Tanabrad σ damxmare zedapiris gaswvriv D gambnevis 

arafizikuri ares SigniT. zedapiri S aris idealurad gamtari sazRvari D aresi.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 [7]-s Tanaxmad, damxmare σ  zedapiri Tavsdeba D ares SigniT; wyaroTa wyeba 

ganTavsebuli wertilebSi { } σ∈∞
=1,, nnnn zyx  aris Tanabrad ganawilebuli, 

rogorc nax. 1.1 -zea naCvenebi.  

   davuSvaT { ∞

=
−

1
)(

nn rrU }rr  -aris helmholcis gantolebis amoxsna 

dakavSirebuli elementarul eleqtromagnituri velis wyaroebTan, 
romliTac gabneuli veli (gv) unda iqnas warmodgenili. Sesabamisi 
funqciebi arian: 
 

)()( )1(
0 rrkHrrU nn

rrrr
−=−      (3)    - 2 ganzomilebiani SemTxvevisTvis;   

rr
errU

n

rrik

n

n

rr
rr

rr

−
=−

−

)(   (4) – 3 ganzomilebiani skalaruli SemTxvevisTvis.    xolo 

veqtoruli SemTxvevisTvis gamoiyeneba elementaruli eleqtruli dipoli, 
romelzec qvemoT vilaparakebT. 
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damtkicebulia rom [7] :  

1.funqciaTa erToblioba {{ }∞
=

−
1

)(
nn rrU rr }  _ elementaruli damxmare 

gamomsxiveblebi (dg), romlebic aRweren velis xasiaTs (eleqtruli, 
magnituri an velis potenciali) _ arian sruli da wrfivad 

damoukidebelni S zedapirze    -sivrceSi.  2L
2. arian iseTi koeficientebi nj , rom zemoTaRniSnuli sistemis pirveli N 
funqciis gamoyenebiT, nebismieri saxis funqcia zedapirze S SeiZleba 
warmodgenili iqnas  fundamenturi amonaxsnebis wrfivi kombinaciiT 
Sesabamisi am koeficientebis saSualebiT. idealurad gamtari gambnevisTvis: 
 

  { }
S

i

S

N

n
nn zyxUWrrUjW ),,()(

1
−=

⎭
⎬
⎫

⎩
⎨
⎧

−∑
=

rr   (5) 

 
Semdeg, miaxloebiTi amoxsna sasazRvro amocanisa D-s gareT aris: 
 

  ∑
=

−=
N

n
nn

s rrUjzyxU
1

)(),,(~ rr   (6) 

romelic uaxlovdeba zust amonaxsnas ) , rodesac . ,,( zyxU s ∞→N
es aris arsi kupraZis mier SemoTavazebuli dgm-isa [7]. 
gamokvlevebSi [4-6] naCvenebia, rom damxmare konturis koreqtuli SerCeva da 
damxmare gamomsxiveblebis ganTavseba, SemoTavazebuli meTodis 
efeqturobis miRwevisTvis mniSvnelovani faqtorebia.  

anda aRiniSnos, rom Tu gvg-is mdebareoba kargad ar SeirCa, gamoTvliTi 
procesi SeiZleba ar iyos krebadi. 

aucilebeli raodenoba wevrebisa, romelic (5) gantolebaSi unda 
miviRoT mxedvelobaSi, mkacrad aris damokidebuli daxmare konturis 
formaze da damxmare zedapiris mdebareobaze. 

rodesac damxmare konturs vamoZravebT Sors fizikuri S zedapiridan, 
wevrebis moTxovnadi raodenoba (5) gantolebaSi, maRali sizustis 
misaRwevad, mkveTrad klebulobs da CPU (centraluri procesori) amoxsnis  
droc klebulobs [4-6]. es SeiZleba aixsnas im faqtiT, rom damxmare 
zedapiris wanacvleba gambnevi sxeulis SigniT, xdis gabneuli velis 
funqcias ufro gluvs sxeulis zedapirze da xdeba dacemuli velis 
kompensacia kolokaciis wertilebSi. e.i.  sasazRvro pirobebis Sesruleba 
kolokaciis wertilebs Soris umjobesdeba. Tumca wyaroTa Zalian Rrmad 
moTavsebam sxeulis SigniT, SeiZleba ganSladi amonaxsni mogvces. es xdeba 
Tu gvg aRmoCndeba damxmare konturis gareT: damxmare wyaroebiT 
warmoqmnili veli veRar aRwers am gansakuTrebulobebs, radgan gabneuli 
veli analizuria yvelgan damxmare konturis gareT.    

 
$1.2 dgm-s gamoyeneba velis aRdgenisa da gabneuli velis 

gansakuTrebulobebis vizualizaciisaTvis 
 
cnobilia, rom gambnevi sxeulidan areklili  gamrbeni veli 

regularulia da calsaxad ganisazRvreba Sesabamisi wyaroTa 
gansakuTrebulobebiT, romlebic moTavsebulia gambnevis SigniT [1]. 
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Sesabamisad, velis sidideebi regularul, gabneul velis areSi da 
damatebiT fizikuri zedapiris gansakuTrebulobebis regionis siaxloveSi, 
SeiZleba ganisazRvros mocemul areSi mosaxerxebeli analizuri talRuri 
funqciebis saSualebiT. 

arsebobs gabneuli velis aRdgenisa da analizuri gagrZelebis mravali 
meTodi. am meTodTa maTematikuri dasabuTeba mocemulia [18,19]-Si. aris 
agreTve sxva meTodebi velis vizualizaciis mimarTulebiT [20]. Cven mier  
warmodgenili iqneba holografiuli meTodi, anu velis aRdgena mezobel 
areSi garkveul zedapirze gabneuli velis amplitudebis da fazebis 
cnobili monacemebis saSualebiT. ganvixiloT samganzomilebiani SemTxveva.  

 
 
 
 damxmare zedapiri 

gasazomi zedapiri 

sxeuli 

nax.1.2 Sebrunebuli amocana 

samganzomilebian SemTxvevaSi 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SemoTavazebuli meTodi dafuZnebulia velis analizur gagrZelebaze, 

romelic aseve dgm-s saSualebiT iTvleba. Cven mier naSromSi 
warmodgenilia axali idea iseTi  funqciebis gamoyenebis Sesaxeb, romelic 
aRwers wyarosken mimarTul krebad vels.  aseTi funqciebia elementaruli 
eleqtruli dipolis funqcia, romlis gamosaxulebaSic xdeba Secvla    k 
=> - k, ris Sedegadac miiReba krebadi talRa.  am funqcias aRniSnaven 

-iT da uwodeben grinis funqcias. ganvixiloT sxeuli (sur. 1.2) 

dasxivebuli wertilovani wyaros mier.  
(G kr− )

Semdeg davuSvaT, rom S raime zedapirze (gasazomi zedapiri) _ 

obieqtidan garkveul manZilze, cnobilia kompleqsuri gabneuli veli )(rU s r  
(amplitudebi da fazebi). Cveni mizania aRvadginoT gv-s analizuri 
gagrZeleba obieqtis maxloblad, manam sanam is miaRwevs gansakuTrebul 
wertilebs (gabneuli velis wyaroebs an meorad wyaroebs). rogorc nax. 1.2-
zea naCvenebi, gasazomi zedapiris maxloblad mdebare damxmare zedapirze 
moTavsebulia damxmare wyaroebi igive sixSiris da nebismieri 
koeficientebiT. am damxmare gamomsxiveblebis SerCeva metad mniSvnelovani 
sakiTxia. mas Semdeg, rac damxmare gamomsxiveblebs gamoviyenebT krebadi 
wyaroebis aRsawerad, gabneuli velis talRuri veqtori unda iyos 
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mimarTuli agreTve wyaroebisken. amrigad, es damxmare wyaroebi ar unda 
emorCilebodnen gamosxivebis pirobas. piriqiT unda iqceodnen rogorc 
mSTanTqmelebi, romelic axdenen im  )(rU r  velis generirebas romelic 
maTken vrceldeba. mas aqvs Semdegi saxe: 

  
                                                                                                                            (7) 

1
( ) ( )

N

n
n

U r a G kr
=

= −∑r
n

)

 
maSasadame, es damxmare gamomsxiveblebi cnobilia rogorc damxmare 

mSTanTqmelebi (dm); droze damokidebuleba mocemulia  saxiT. Semdeg 
cnobili gabneuli veli gamoisaxeba dm-s velis mier im pirobiT, rom 
gasazom zedapirze wertilTa raodenoba . Sesabamisi wrfiv 
gantolebaTa sistema iwereba Semdegnairad: 

tie ω−

NM ≥

 

    (8) 

am sistemis amonaxsni gansazRvravs dm-Ta amplitudebs da fazebs.  
1

( ) (
N

s
n nm m

n
a G kr U r

=

=∑

gabneuli velis analizuri gagrZelebis erTaderTobis gamo, dm-ebi 
aRadgenen vels mTavar gansakuTrebulobebis wertilebamde, anu 
dasasxivebeli sxeulis akrZalul aremde.  
 

 
 
 
 
 
 
 
 
 
 
 
 

$1.3 damxmare gamomsxiveblebis meTodi fotonuri kristalebis 
modelirebisas. 

 
    damxmare gamomsxiveblebis meTodi or ganzomilebiani rTuli Sida 
struqturis mqone metalo-dieleqtrikuli sxeulebisaTvis, anu Cvens 
SemTxvevaSi fotonuri kristalebisaTvis, dadis Semdeg saxeze: 
   fotonuri kristalis modelad aRebuli gvaqvs nebismieri formis 
dieleqtrikuli sxeuli, romelSic defeqtebis saxiT Setanilia 
cilindruli gamtarebi. (nax. 1.3) ganvixiloT or ganzomilebiani SemTxveva, 

roca sistema z  RerZis gaswvriv erTgvarovania. 
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nax. 1.3 

fotonuri kristalis fizikuri modeli 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
kristalSi vaTavsebT eleqtromagnituri velis wyaroebs, romelTa 
ganlageba  da raodenoba SesaZlebelia winaswar nebismierad 
SeirCes. dacemuli velis mniSvneloba rr  wertilSi gamoisaxeba Semdegi 
saxiT: 

             ∑
=

−=
N

n
nn

inc rrkHCkrE
1

)1(
0 ))(()( rrr εμ                                   (1) 

sadac -aris talRuri ricxvi, - kristaluri mesris elementebis 

raodenoba, _  wertilSi moTavsebuli n -ur elementSi denis 

kompleqsuri amplituda, 

k N
nC nr

r

ε  da  μ _ fotonuri kristalis dieleqtrikuli 

da  magnituri SeRwevadoba, −incE  dacemuli veli xolo hankelis 

pirveli rigis funqcia. 

−)1(
0H

   eleqtrodinamikis amocanis amosaxsnelad gamoyenebuli iqna damxmare 
gamomsxiveblebis meTodi (dgm), romlis saSualebiTac, winaswar arCeuli 
sizustiT, aRiwereba mocemul elementebSi mimdinare talRuri procesebi. 

kristalis mier gabneuli veli warmoidgineba ucnobi amplitudebis 
mqone damxmare gamomsxiveblebis saSualebiT, romlebic ganlagebulni 

arian Sesabamisad  damxmare konturebze. fotonuri kristalisaTvis 

 konturi moTavsebulia dieleqtrikuli zedapiris SigniT, da masze 

moTavsebuli gamomsxiveblebi aRweren vels kristalis gareT Tavisufal 

garemoSi.  konturi moTavsebulia dieleqtrikuli zedapiris gareT, da 

aRwers vels kristalis SigniT  konturze moTavsebul damxmare 

gamomsxiveblebTan erTad, sadac  warmoadgens cilindruli gamtarebis _ 

metaluri mavTulebisaTvis damxmare konturs. veqtor-potencialis 

funqcias wertilSi moTavsebuli damxmare gamomsxiveblisTvis aqvs 

Semdegi saxe: 

moutin lll ,,

inl

outl

ml

ml

nr

  |)|(|)(| )1(
0 nzn rrkHirrP rrrrrr

−=− εμ    (2) 
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eleqtruli velis mniSvneloba kristalis gareT gamoiTvleba Semdegi 
formuliT:  

   (3) ))(()(
1

)1(
0 rrkHakrE n

N

n

in
n

out
in rrr

−= ∑
=

sadac -aris damxmare gamomsxiveblebis ricxvi  konturze,   maTi  

amplitudebi. 
inN inl in

na

eleqtruli velisaTvis kristalis SigniT gvaqvs: 

 ∑∑
==

−+−=
mout N

i
i

in
nn

N

n

out
n

in rrkHbrrkHakrE
1

1
0

1

)1(
0 ))(())(()( rrrrr εμεμ   (4) 

sadac  da - aris damxmare gamomsxiveblebis ricxvi Sesabamisad  

da  konturebze, xolo  da  maTi amplitudebi. magnituri veli 

rogorc kristalis SigniT, aseve mis gareT, SeiZleba ganisazRvros 
maqsvelis gantolebis daxmarebiT: 

outN mN outl

ml
out
na in

ib

  

                         HikErot
vr

μ−=                                       (5) 

 
ucnobi amplitudebi ganisazRvreba sasazRvro pirobebidan. 

dieleqtrikis zedapirze moiTxoveba eleqtruli da magnituri velis 
tangencialuri mdgenelis uwyvetobis piroba, xolo  metalis zedapirze 
eleqtruli velis tangencialuri mdgenelis nulTan toloba. 

dieleqtrikis da metalis zedapiris  wertilebisTvis am pirobis 

daweriT vRebulobT wrfiv algebrul gantolebaTa sistemas ucnobi , 

,  koeficientebisaTvis: 

in
na

out
na in

ib

⎪
⎩

⎪
⎨

⎧

=

=−

=−

incj
in

i
inc

i
in

i
out

i
inc

i
in

i
out

ErE

rHrHrH

rErErE

)(

)()()(

)()()(

r

rrr

rrr

τ

τττ

τττ

,                                            (6) 

mocemuli sistemis amoxsna gvaZlevs damxmare gamomsxiveblebis 
amplitudebs, romelTa CasmiT  (3) da (4)-Si viTvliT vels sivrcis 
nebismier wertilSi.  

 
 

$1.4 fotografiuli meTodi 
 
 

fotografiuli meTodi eyrdnoba damxmare gamomsxiveblebis meTods da 
erTerTi mZlavri meTodia Sebrunebuli amocanebis amosaxsnelad.  meTodis 
arsi mdgomareobs SemdegSi. sxeuls ecema eleqtromagnituri veli da xdeba 
am velis arekvla mocemuli sxeulidan. arekvlil vels vzomavT raRac 
areSi. hiugensis principis Tanaxmad Cven SegviZlia movaxdinoT velis 
analizuri gagrZeleba Tu TiToeul wertilSi, romelSic vels vzomavT, 
movaTavsebT kombinirebul dipols im amplitudiT da faziT, romelic 
gazomil velis mniSvnelobebs hqonda. maSin Cven SevZlebT vipovoT velis 
Semdgomi svla. am SemTxvevaSi Cven aRvadgenT vels xarisxobrivad da ara 
raodenobrivad. kombinirebul dipols aqvs Semdegi maTematikuri saxe: 
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][1
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0
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r
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eikWE

ikr
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⎞

⎜
⎝
⎛ −⋅=

πμ
magelkomb EEE ⋅+= π120

εμ0kk = r
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r
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amasTan 
erTad, Cven gvinda es veli davafokusiroT raime sibrtyeSi mkafio 
gamosaxulebis misaRebaT. amisaTvis Cven unda movaTavsoT linza im 
adgilas, sadac vels vzomavT. linza, rogorc viciT iwvevs talRuri 
frontis Secvlas; kerZoT, talRuri frontis TiToeuli nawili linzaSi 
gasvlis Semdeg iZens garkveul fazur dagvianebas, rac aisaxeba talRuri 
frontis formis SecvlaSi. Tu linzas brtyeli talRa ecema, maSin masSi 
gasvlis Semdeg talRur fronts eqneba nax. 1.4-ze naCvenebi forma. amitom is 
fokusirdeba.   
 
 
 
 
 
 
 
 
 
 
 
 

nax. 1.4 
talRis frontis cvlileba linzaSi 
gasvlis Semdeg, ris Sedegadac xdeba  

v

 
 
 elis fokusireba

 
linzis dasamodelireblad viyenebT tautoqronizmis pirobas, rac 

gamoixateba SemdegSi: 
 

nax. 1.5  sibrtyis wriul kveTaze sadac xdeba 
velis mniSvnelobebis gazomva moiTxoveba sxivTa 

tautoqronulobis piroba 
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yoveli sxivi, romelic wyarodan gamodis, erT da igive dros andomebs 
fokusirebis wertilamde misvlas (nax. 1.5). rogorc naxazze Cans, sxvadasxva 
sxivis mier ganvlili manZilebi ar aris erTi da igive; magram linza 
TiToeul sxivs ayovnebs sxvadasxva droiT, rac uzrunvelyofs sxivebis 
tautoqronulobas.  modelirebis dros Cven vzomavT velis amplitudebs da 
fazebs  linzis zedapirze da Semdeg velis am mniSvnelobebs vamravlebT 

- ze, sadac 
ϕie ϕ  - aris fazuri dagvianeba, romelsac linza iwvevs. 

fazur dagvianebebs ganvsazRvravT Semdegnairad:  dk ⋅=ϕ , 

(nax. 1.6)  k-aris talRuri ricxvi Tavisufal garemoSi. 

kombinirebuli dipolebis saSualebiT miiReba velis xarisxobrivi xasiaTi. 
rom miviRoT aRdgenili velis zusti raodenobrivi aRwera, unda aviRoT 
kirxhofis integrali, romlis saSualebiT eleqtruli da magnituri velis 
daZabulobebs aqvs Semdegi saxe: 

)()( 2121 ii lllld +−+=

 

' 0
0 0
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4 e m
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sadac -aris gasazomi zedapiris wertilidan im wertilamde manZili, 

sadac veli gvainteresebs, 

rr

r r=
r
, 0

rr
r

=
r

r
, ej n H= ×

rr r
 sadac  aris gasazomi 

zedapiris normali. 

nr

mj n E= ×
rr r
, eq n E= ⋅

rr
 mq n H= ⋅
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$1.5 holografiuli meTodi 
 

Sebrunebuli amocanebis amosaxsnelad erTerTi yvelaze efeqturi 
meTodi aris holografiuli meTodi. misi arsi mdgomareobs SemdegSi: 
garkveul zedapirze (Cven konkretul SemTxvevaSi viRebT sferul segments) 
ganlagebulia eleqtromagnituri velis sensorebi, romlebic zomaven 
eleqtruli velis daZabulobis amplitudis da fazis mniSvnelobebs.  es 
aris veli, romelsac  asxivebs eleqtromagnituri velis wyaro, an 
romelic airekleba sxeulidan masze dacemuli velis Sedegad. 
 
 
 

damxmare zedapiri 

gasazomi zedapiri 

sxeuli 

nax. 1.7 

dasasxivebeli sxeuli gasazomi zedapiri da 

damxmare zedapiri  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
amis Semdeg nax. 1.7-ze  naCveneb damxmare zedapirze vaTavsebT krebad 
damxmare wyaroebs. krebadi wyaros misaRebad Cveulebrivi velis wyaros 
gantolebaSi talRur veqtors unda SevucvaloT mimarTuleba k => -k 
damxmare wyaroebad viyenebT elementarul eleqtrul dipols romlis 
eleqtruli da magnituri velis daZabuloba gamoisaxeba Semdegi 
formulebiT: 
 
 

( ) ( )( ) ( )( )
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⎡ ⎤= − −⎜ ⎟ ⎣ ⎦
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im wertilebSi sadac gavzomeT veli, viTxovT sasazRvro pirobebis 
Sesrulebas _ eleqtruli velis uwyvetobis pirobas, romelsac unda 
akmayofilebdnen damxmare zedapirze ganlagebuli damxmare wyaroebi. 
Sedegad miiReba gantolebaTa sistema romlis amoxsnac saSualebas iZleva 
ganvsazRvroT  damxmare wyaroTa kompleqsuri amplitudebi. maTi 
gansazRvris Semdeg ukve SesaZlebelia velis analizuri gagrZeleba, anu 
velis aRdgena CvenTvis sasurvel areSi. mocemuli meTodi saSualebas 
gvaZlevs veli aRvadginoT im areSi, sadac veli sasrulia da ar gvaqvs 
gansakuTrebuleba. 
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Tavi II 
Sebrunebuli amocanebis amoxsna 
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zogadi mimoxilva 
 

adamianis ZiriTadi instrumenti sivrceSi orientirebisaTvis Tavidanve 
iyo Tvali, romliTac is akvirdeboda samyaros, ganasxvavebda sagnebs 
erTmaneTisgan, adgenda sagnamde manZils, mis zomas, formas. 
eleqtromagnituri talRebis diapazoni sakmaod farToa. adamianis Tvali 
mgrZnobiarea  am  diapazonis mxolod sakmaod viwro ubnis, kerZod 
xiluli sinaTlis mimarT.  mzis Tu sinaTlis sxva wyaros mier 
gamosxivebuli sinaTle irekleba sxvadasxva sxeulidan, xvdeba adamianis 
TvalSi da proeqcirdeba Tvalis baduraze arsebul nervul 
daboloebebze. am ukanasknelSi aRZruli nervuli impulsebi miewodeba 
tvins. tvini axdens am informaciis damuSavebas da garemomcvel samyaros 
xdis xiluls. odiTganve adamiani axdenda sxvadasxva movlenis aRweras 
da Semdegi TaobisTvis gadacemas werilobiTi saxiT, magram  saukeTeso 
saSualebas am miznis ganxorcielebisTvis, mainc TvaliT miRebuli 
informaciis Senaxva warmoadgenda. am mizniT mecnierebma Seqmnes foto 
aparati. romelic saSualebas iZleva ama Tu im movlenis dafiqsirebisa.  
igive foto aparati kargi saSualebaa daakvirdes  sxvadasxva manZilze 
mdebare sagnebs, magram mxolod im SemTxvevaSi Tu sagnebs sxva sagnebi 
ar efareba. cnobilia, rom yvela sagani ar uSlis xels sxva sagnis 
danaxvas, magaliTad wyali, mina, radgan isini xilul diapazonSi 
gamWvirvalea. mecnierulma gamokvlevebma cxadyo, rom yvela nivTierebas 
Seesabameba eleqtromagnituri talRebis speqtris diapazoni, romelSic 
is metnaklebad gamWvirvalea da amrigad Tu SevqmniT Tvalis analogs 
mocemuli sixSiruli diapazonisaTvis, SevZlebT davinaxoT sagnebi 
romlebic imyofebian sxva garemoSi, an romlebic ar arian uSualo 
xedvis areSi.  

qvemoT ganxiluli iqneba am amocanis gadaWris erTerTi saSualeba. 
tvinis rols Seasrulebs kompiuteri, romelic garkveul segmentze 
dalagebul sensorebSi gazomil velis mniSvnelobebiT miRebul 
informacias daamuSavebs da moaxdens velis vizualizacias sasurvel 
areSi, rac SesaZlebels gaxdis im sagnis an sinaTlis wyaros danaxvisa, 
romlidan mosuli velis mniSvnelobebic Cven segmentze gavzomeT. 

aseTi tipis  amocanebs Sebrunebuli amocanebi ewodeba. 
Sebrunebuli amocanebi dResdReobiT metad aqtualuria. maT 

gamoyenebis farTo are aqvT. magaliTad is gamoiyeneba samedicino 
tomografiaSi adamianis Sinagani organoebis gamosakvlevad, miwaSi 
arsebuli Zvirfasi masalebis aRmosaCenad arqeologiuri gaTxrebis 
Tavidan asacileblad, an feTqebadi sagnebis mdebareobis dasadgenad 
(dieleqtrikuli Tu metaluri naRmebi). dResdReobiT is   gansakuTrebul 
aqtiur gamoyenebas poulobs miwaSi arsebuli wyalsadeni defeqturi 
milebis deteqtirebisTvis: rogorc cnobilia, droTa ganmavlobaSi mili 
ziandeba, rac SeiZleba gamowveuli iyos koroziiT an Tu is 
plastmasisganaa damzadebuli - lpobiT; an SesaZloa mils hqondes 
qarxnuli defeqti, rac didi xnis Semdeg iCens Tavs. wyali, romelic 
Jonavs gamskdari milidan, ikavebs garkveul moculobas miwaSi. Tu wyali 
ar aRwevs miwis zedapirs,  magaliTad is SeiZleba miwaSi ikeTebs arxs 
da gaedineba. misi deteqtireba zemodan TvaliT SeuZlebelia da amitom 
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xdeba didi masis sasmeli wylis dakargva. wylis droebiT Sewyvetis 
SemTxvevaSi, gaJonili wyali SeiZleba ukan milSive Sebrundes da 
daabinZuros sasmeli wyali. amitom sasurvelia Seiqmnas iseTi 
mowyobiloba, romelic saSualebas mogvcems zemodan, miwasTan uSualod 
Sexebis gareSe, dadgindes sad aris mili dazianebuli. es amocana 
SeiZleba amoixsnas miwis  zemodan eleqtromagnituri talRis dasxivebis 
da Semdgom miwidan da misi siRrmeebidan arekvlili veliT miRebuli 
informaciis damuSavebis Sedegad, radgan arekvlili veli Seicavs 
informacias miwis struqturis Sesaxeb.  

miwa arsebobs sxvadasxva saxis. es SeiZleba iyos niadagi, qviSa, Tixa 
da a.S. amitom sxvadasxva adgilas misi parametrebi (dieleqtrikuli 
SeRwevadoba, magnituri SeRwevadoba, gamtarebloba) gansxvavebulia. miwis 
parametrebi damokidebulia agreTve temperaturaze da masSi wylis 
Semcvelobaze. eqsperimenti gviCvenebs, rom rogoric ar unda iyos miwa, 
aucileblad arsebobs sixSiruli diapazoni, romelSic is met-naklebad 
gamWvirvalea. es niSnavs imas, rom is SedarebiT naklebad STanTqavs masSi 
Sesul eleqtromagnitur talRebs mocemul diapazonSi. es iZleva 
saSualebas aRmovaCinoT masSi moTavsebuli sxeulebi sakmaod did 
siRrmeze.  

Sebrunebuli amocanis amoxsna niSnavs, Sor zonaSi gazomili velis 
saSualebiT, am velis wyaros povnas. velis wyaro SeiZleba iyos rogorc 
aqtiuri, ise pasiuri. sxeuli, romlidanac raime wyaros mier 
gamosxivebuli eleqtromagnituri talRa irekleba, warmoadgens velis 
pasiur wyaros. Tavad eleqtromagnituri velis wyaro ki warmoadgens 
aqtiur wyaros. aqtiuri wyaro SeiZleba iyos impulsis generatori, 
romelic asxivebs periodul impulsebs. impulsis periodi ise unda iyos 
SerCeuli, rom arekvlili impulsis deteqtireba unda moxdes manam, sanam 
meore impulsi moaswrebs mosvlas. impulsis speqtri mdidari unda iyos 
iseTi sixSireebiT, romlisTvisac garemo met-naklebad gamWvirvalea. 
winaaRmdeg SemTxvevaSi energiis didi nawili STainTqmeba da arekvlili 
velis gazomvas ver SevZlebT misi simciris gamo.  
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$2.1 miwis maxasiaTeblis aRdgena 
 

rogorc zemoT aRvniSneT, imisaTvis rom amoixsnas ZiriTadi amocana, 
anu moxdes  miwaSi CaZiruli sxeulebis vizualizacia da maTi formebis 
garCeva e.m. impulsebis zondirebiT da saTanado arekvlili velis 
analiziT, saWiroa moxdes miwis eleqtrodinamikuri Tvisebebis Seswavla, 
raTa SeirCes iseTi dacemuli impulsi, romlis furie speqtric Seicavs 
sixSireebs, romlisTvisac miwa met-naklebaT gamWvirvalea. Ees gasagebia, 
radgan  Cveni amocanaa rac SeiZleba ufro didi siRrmidan amoviRoT 
informacia. rogorc ukve zemoT aRvniSneT, miwis el. dinamikuri 
parametrebi mkveTrad icvleba adgilidan adgilamde, damokidebulia 
temperaturaze, mis Semadgenlobaze (qviSiani, Tixiani, Tu sxva saxis), 
wylis  procentul Semcvelobaze da a. S. Aamitom, winaswar misi 
STanTqmisa da dieleqtrikuli SeRwevadobis  damokidebuleba sixSireze 
zogadad ucnobia. miwis sinjis aReba da misi laboratoriuli gamokvleva 
ki did dros da damatebiT samuSaoebs saWiroebs.  

Aam Sualeduri amocanis amosaxsnelad, Cvens mier SemuSavebuli iqna 
meTodi, romelic iZleva saSualebas ganisazRvros an Sefasdes miwis el-
dinamikuri maxasiaTeblebi sinjis aRebis gareSe. kerZoT, Tu miwas 
davasxivebT sasinj, (winaswar cnobili amplituduri da fazuri furie 
speqtris mqone) raime impulsiT da Semdgom, misgan arekvlil impulss 
agreTve davSliT furie speqtrad,  dacemuli da arekvlili impulsebis 
fazuri da amplituduri speqtraluri komponentebis SedarebiT, kerZoT, 
maTi sxvaobebiT, SesaZlebelia SevafasoT dedamiwis el-dinamikuri 
Tvisebebi. ricxviTma eqsperimentebma gvaCvena, rom dacemuli da 
arekvlili impulsebis furies speqtraluri komponentebis  fazaTa 
sxvaobis sixSireze damokidebuleba, zustad imeorebs miwis STanTqmiTi 
sixSiruli maxasiaTeblis damokidebulebas.Ees faqti saSualebas iZleva 
ganvsazRvroT miwis STanTqmiTi maxasiaTeblis sixSiruli 
damokidebulebebis grafiki da davadginoT, romel diapazonSi aris miwa 
ufro, an met-naklebaT gamWvirvale, anu misi STanTqmis damokidebulebas 
ra sixSireze gaaCnia minimumi.  

magaliTis saxiT, nax. 2.1-ze mocemulia garkveuli miwis mileva-
danakargebis kuTxis tangensis sixSireze damokidebuleba, xolo nax. 2.2-
ze dacemul da arekvlil impulsTa speqtraluri komponentebis fazaTa 
sxvaobis damokidebuleba sixSireze.  
 
 

nax. 2.1 sveli niadagis milevis 

tangensis sixSireze damokidebuleba 
nax. 2.2 aRdgenili 

maxasiaTeblis saxe 
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rogorc suraTidan Cans Tanxvedra sakmaod kargia da es faqti iZleva 
imeds, rom distanciurad, el-magnituri talRis impulsis zondirebiT, 
SesaZlebelia swrafad dadgindes niadagis “gamWvirvalobis” sixSiruli 
are.  

ganvixiloT  SemTxveva rodesac ε ′  mudmivia, xolo ε ′′ da milevis 
kuTxis tangensi damokidebulia sixSireze ise, rogorc es nax. 2.3-zea 

naCvenebi (kompleqsuri dieleqtrikuli SeRwevadoba ' 'i 'ε ε ε= + ; xolo 

milevis kuTxis tangensi 
''

'tg εδ
ε

= ) 

 
 
 
 

nax. 2.3  milevis tangensis sixSiruli maxasiaTebeli (marcxniv) da 
''ε − is 

aRdgenili sixSiruli maxasiaTebeli (marjvniv) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
dacemuli da arekvlili impulsebis speqtraluri komponentebis fazaTa 
sxvaobis sixSireze damokidebuleba imeorebs ε ′′ -is maxasiaTeblis 
formas. maxasiaTeblis Sesaxeb informacias iZleva ara marto fazaTa 
sxvaoba, aramed amplitudaTa sxvaobis warmoebulic. misi sixSireze 
damokidebuleba warmodgenilia nax. 2.4-ze. 
 

nax. 2.4  amplitudaTa sxvaobis warmoebulis speqtris sixSireze 
damokidebuleba 
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yuradReba unda mieqces im faqts, rom aq laparakia amplitudaTa 
sxvaobis warmoebulze da ara amplitudaTa sxvaobaze. am ukanasknelis 
sixSiruli maxasiaTebeli warmodgenilia nax. 2.5-ze da naTlad Cans, rom 
is maxasiaTeblis Sesaxeb informacias ar iZleva: 
 
 
 
 

nax. 2.5 
amplitudaTa sxvaobis speqtris sixSiruli maxasiaTebeli 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

axla ganvixiloT SemTxveva rodesac piriqiT  ε ′′ mudmivia, xolo ε ′  
damokidebulia sixSireze, ise rogorc es nax. 2.6-zea naCvenebi. 
 
 

nax. 2.6 
'ε − is sixSiruli maxasiaTebeli 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
am SemTxvevaSi dacemuli da arekvlili impulsis speqtraluri 
komponentebis fazaTa sxvaoba da amplitudaTa sxvaobis warmoebuli 
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iZleva saSualebas vipovoT maxasiaTeblis eqstremumi. nax. 2.7-ze 
warmodgenilia maTi sixSiruli maxasiaTeblebi. 
 
 
 

nax. 2.7  dacemuli da arekvlili impulsis speqtralur komponentebis 
fazaTa sxvaobisa (marcxniv) da amplitudaTa sxvaobis (marjvniv) 

warmoebulis sixSiruli maxasiaTebeli 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ganvixiloT saboloo yvelaze zogadi SemTxveva, rodesac ε ′  da ε ′′ orive 
damokidebulia sixSireze. es damokidebulebebi mocemulia nax. 2.8-ze. 
 
 
 
 

nax. 2.8 
'ε − is (marcxniv ) da 

''ε − is (marjvniv ) sixSiruli  
maxasiaTeblebi 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
am SemTxvevaSi dacemuli da arekvlili impulsis speqtraluri 
komponentebis amplitudaTa sxvaobis warmoebuli aRadgens da poulobs 
ε ′ -is eqstremums, xolo fazaTa sxvaoba kargi sizustiT aRadgens ε ′′ -is 
sixSirul maxasiaTebels (nax. 2.9). 
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nax. 2.9  amplitudaTa sxvaobis warmoebuli aRadgens ε ′ -is eqstremums (marcxniv),  
xolo fazaTa sxvaoba kargi sizustiT aRadgens ε ′′ -is sixSirul  

maxasiaTebels (marjvniv) 

 
 
am maxasiaTeblebis miRebisTvis Cven gamoviyeneT zusti amonaxsnis 

formula im SemTxvevisaTvis, rodesac ori garemos gamyof zedapirs 
ecema brtyeli el-mag talRa. analizuri formiT arsebobs es amonaxsni 
(1) da arekvlis koeficientis  kompleqsur gamosaxulebas aqvs Semdegi 
saxe. (simartivisaTvis, dacemuli talRis amlituda miRebulia erTis 
tolad): 

 
 

1 2

1 2

cos cos
cos cos

R n nr
n n

ϕ ψ
ϕ ψ

⊥
⊥

⊥

−
≡ =

Ε +  
(1) 

 
 

sadac - pirveli, xolo - meore garemos gardatexis maCvenebelia; 

xolo 
1n 2n

ϕ  da ψ  Sesabamisad dacemis da gardatexis kuTxe. 
miwidan arekvlili veli saSualebas iZleva ganisazRvros ara marto 

miwis  maxasiaTeblis forma, aramed ricxobrivi mniSvnelobebic. 
ganvixiloT ε ′ -is mniSvnelobebis aRdgena, rodesac cnobilia ε ′′ . amjerad 
miwas ecema monoqromatuli talRa. pirvel rigSi vagebT dacemuli da 
arekvlili velis fazaTa da amplitudaTa sxvaobis damokidebulebas ε ′ -
ze da milevis tangensze sxvadasxva ε ′′ -is SemTxvevaSi (nax. 2.10, 2.11). 
eqsperimentis dros, rodesac moxdeba arekvlili velis fazis da 
amplitudis  gazomva, miRebuli grafikebis saSualebiT moxdeba ε ′ -is da 
tgδ - mniSvnelobebis gansazRvra. 
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nax. 2.10 
fazaTa da amplitudaTa sxvaobis 
damokidebuleba dieleqtrikul 

SeRwevadobaze

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
nax. 1.10, da 1.11-ze warmodgenilia sawyisi grafikebi, romelTa 

saSualebiTac xdeba dieleqtrikuli SeRwevadobisa da milevis tangensis 
mniSvnelobebis aRdgena, fazaTa da amplitudaTa sxvaobis gazomili 
mniSvnelobebis safuZvelze. 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

nax. 2.11 
fazaTa da amplitudaTa sxvaobis 
damokidebuleba milevis kuTxis 

tangensze

(1) formula saSualebas iZleva ganisazRvros dieleqtrikuli 
SeRwevadoba analizurad. am formulis martivi gardaqmnis Sedegad, Tu 

gaviTvaliswinebT, rom 1n 1ε=  da 2n 2ε= , da  radganac pirveli garemo 

romlidanac sxivi 2 garemos gamyof zedapirs ecema haeria, amitom 1 1ε ′ = ,  
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1 0ε ′′=   da: 
22

2
1cos

cos 1
r
r

ϕε
ψ

⊥

⊥

⎛ ⎞⎛ ⎞ −
= ⋅⎜⎜ ⎟ +⎝ ⎠ ⎝ ⎠

⎟    (2) 

 
 
Tavidan unda SeirCes impulsi sakmaod farTo sixSiruli 

diapazoniT, mas vSliT furie speqtrad da TiToeuli speqtraluri 

komponentisTvis viyenebT formulas r

inc

Er
E⊥ = . 

miwas winaswar vaniWebT sasurvel sixSirul maxasiaTebels, sadac ε ′  
da ε ′′ damokidebulia sixSireze. da mas Semdeg, rac ganvsazRvravT 
arekvlis koeficients, viyenebT (2) gamosaxulebas TiToeuli 
speqtraluri komponentisTvis. 

 
 
 
 
 
 

a) b) 

g) d) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 nax. 2..12 

dieleqtrikuli SeRwevadobis sixSiruli maxasiaTeblis aRdgena: 

a) 

 
 
 
 
 
 
 

ε ′ -is sixSiruli maxasiaTebeli b)aRdgenili ε ′ -is sixSiruli maxasiaTebeli 

g) ε ′′ -is sixSiruli maxasiaTebeli d)aRdgenili ε ′′ -is sixSiruli maxasiaTebeli 
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dieleqtrikuli SeRwevadobis aRdgenili maxasiaTebeli ricxviTi 
mniSvnelobebis mesame niSnamde sizustiT emTxveva sawyis maxasiaTebels. 
nax. 2.12-ze warmodgenilia am meTodiT dieleqtrikuli SeRwevadobis 
sixSiruli maxasiaTeblis aRdgenis SemTxvevebi. ε ′ -is sixSirul 
maxasiaTebels aqvs parabolis forma, xolo ε ′′ -s gausis. es meTodi 
muSaobs maSin, roca miwa erTgvarovania da brtyeli, rac saSualebas 
iZleva gamoviyenoT (2) formula. 
 
 
 
 

 
Sebrunebuli amocanebis amoxsna holografiuli meTodis saSualebiT 

$2.2 wyaroTa velis aRdgena  
 

   zemoT Cven ganvixileT holografiuli meTodis arsi. kerZoT,  Tu ra 
saxes iRebs damxmare gamomsxiveblebis meTodi Sebrunebuli amocanebis 
amoxsnisas. ganvixiloT konkretuli SemTxveva, rodesac gvaqvs erTi 
wyaro da movaxdinoT misi velis aRdgena. 
   nax. 2.13-ze warmodgenilia  elementaruli dipolis velis aRdgenili 
suraTi. nax. 2.13-ze warmodgenilia agreTve segmenti, romelzec xdeba 
velis mniSvnelobebis gazomva. aRdgenili velis xarisxi damokidebulia 
segmentis zomaze, mis mdebareobaze, orientaciaze da wyaros sixSireze.  
 
 

nax. 2.13 

erTi wyaros fokusireba 

aRdgenili E velis proeqcia 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ganvixiloT ori wyaros velis aRdgenis SemTxveva. radgan TiToeuli 
wyaros aRdgenili veli ar aris wertili, amitom am wyaroTa veli 
gadaifareba da gadafarvas adgili eqneba manam, sanam wyaroebi 
erTmaneTisgan garkveul manZilze ar iqnebian daSorebuli. ori wyaros 
velis garCevadoba gaumjobesdeba agreTve sixSiris gazrdiT.  
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nax. 2.14 ori wyaros 
velis aRdgena 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
nax. 2.14-ze warmodgenilia ori elementaruli dipolis velis aRdgenili 
suraTi. wyaroebi gancalkevebulia da amitom SeiZleba TiToeuli 
maTganis garCeva. am SemTxvevaSi wyaroebi erTmaneTisgan erTi metriT 
arian daSorebuli. axla ganvixiloT SemTxveva, rodesac wyaroebi 
erTmaneTTan axlos arian moTavsebuli. nax. 2.15-ze warmodgenilia ori 
wyaros velis aRdgena wyaroTa Soris sxvadasxva manZilis SemTxvevaSi 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

nax. 2.15  2 wyaros velis aRdgena 
a) wyaroTa Soris manZili 0.4 metria  

b) wyaroTa Soris manZili 0.3 metri. 

a) b) 
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a) SemTxvevaSi wyaroTa Soris manZili 0.4 metria, xolo b) SemTxvevaSi 
0.3 metri. rogorc naxazebze Cans, wyaroTa daaxloebiT maTi 
garCevadoba uaresdeba da b) SemTxvevaSi is erT wyarod aRiqmeba. 
davubrundeT isev erTi wyaros SemTxvevas da vnaxoT rogoraa 
damokidebuli wyaros velis aRdgena segmentis mdebareobaze.  

 

nax. 2.16 
erTi wyaros velis aRdgena, rodesac 

wyaro segmentidan moSorebulia 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cvens mier ganxilul wina SemTxvevebSi, segmentis centri wyarodan 
dacilebuli iyo 1.5 metriT da wyaro mdebareobda segmentis mier 
SemosazRvrul seqtoris SigniT. Tu segments gadavaadgilebT zeviT ise, 
rom segmentis centri daemTxveva wyaros mdebareobas, miviRebT Semdeg 
suraTs ( nax. 2.16) 
 

nax. 2.17 

2 wyaros veli dinamiur reJimSi 

a) realuri veli b) aRdgenili 

a) b) 
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rogorc naxazze Cans, wyaros veli ufro metadaa gadRabnili me-2.13 
suraTze warmodgenil SemTxvevasTan SedarebiT, anu aRdgenis xarisxi 
gauaresebulia. aqedan gamomdinareobs, rom aRdgenili suraTi ufro 
axlosaa realurTan, Tu wyaro segmentis SemosazRvruli seqtoris 
SigniT mdebareobs. 
   aqamde vakvirdebodiT velis amplitudis mniSvnelobebis ganawilebas. 
axla SevadaroT velis mniSvnelobebi fazebis gaTvaliswinebiT. nax. 2.17-
ze warmodgenilia ori wyaros veli dinamiur reJimSi: a) suraTze 
SemTxveva Seesabameba realuri velis suraTs; xolo b) aRdgenils. 
segmentis SigniT velis mniSvnelobebi erTmaneTs meoTxe niSnis sizustiT 
emTxveva. Tu velis gavrcelebis suraTs davakvirdebiT, davrwmundebiT 
rom segmentis SigniT ara marto velis mniSvnelobebi, aramed 
gavrcelebis mimarTulebac emTxveva. suraTze (programulad) 
ganulebulia (nuladaa aRebuli) velis mniSvnelobebi uSualod wyaros 
mdebareobis adgilas, radgan realuri velis SemTxvevaSi iq 
gansakuTrebulobebi gvaqvs. Cven aqamde ganvixilavdiT ganmxoloebul 
wyaroTa velis aRdgenis SemTxvevebs. exla ganvixiloT kidev erTi 
SemTxveva, kerZoT sami wyaros velis aRdgena da Semdeg gadavideT 
uSualod sxeulis zedapiris aRdgenaze.   nax. 2.18 gviCvenebs sami wyaros 
velis aRdgenas a) Seesabameba realuri velis suraTs, sadac uSualod 
wyaros mdebareobis adgilas amoWrilia (ganulebulia) velis 
mniSvnelobebi; b) ki Sesabamisad aris aRdgenili velis suraTi. 
suraTebidan Cans, rom damTxveva sakmaod kargia.  
 
 

$2.3 sxeulis zedapiris aRdgena 
   ganvixiloT sxeulis zedapiris aRdgenis SemTxvevebi. wina 
SemTxvevebisgan es imiT gansxvavdeba, rom aq sxeuli pasiuri 
gamomsxivebelia anu masze ecema impulsi, romelsac asxivebs ruporuli 
antena.  segmentze vzomavT sxeulidan arekvlil vels (nax. 2.19). 
 
 

nax. 2.18 
sami wyaros velis aRdgena 

a)realuri veli wyaroTa axlo  midamoSi veli ganulebulia b)aRdgenili 

a) b) 
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nax. 2.19 

amocanis dasma 

 
 
 
 
 
 
 
 
 
 
 
 
 
nax. 2.19-ze warmodgenilia modeli imisa, Tu rogor vaxdenT CaZiruli 
sxeulis vizualizacias. dacemuli impulsi unda Seicavdes iseT 
sixSireebs, romlisTvisac miwa met-naklebad gamWvirvalea. aseTi 
impulsis SerCevis SemTxveva zemoT ukve ganxiluli iyo. impulsi, 
romelsac asxivebs ruporuli antena,  nawilobriv irekvleba dedamiwis 
zedapiridan, nawili aRwevs miwis siRrmeSi da irekvleba miwaSi arsebuli 
ara- erTgvarovnebidan. Semdeg arekvlil vels vzomavT gasazom 
zedapirze moTavsebul sensorebSi. gazomil impulsebs vSliT furie 
speqtrad da ToToeul speqtraluri komponentisTvis vaxdenT velis 
mniSvnelobebis aRdgenas sasurvel areSi;  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Semdeg aRdgenil vels vamatebT dacemul vels da mis absolutur 
mniSvnelobebs vkribavT TiToeuli speqtraluri komponentebisTvis. 
maTematikurad SegviZlia davamtkicoT, rom srul vels minimumi aqvs 
sxeulis zedapirze. amis maTematikuri dasabuTebas aqvs Semdegi saxe. 

( )( )( )0
0 0exp sin cosE E ik x y yϕ ϕ= − − −

( )( )( )0 0exp sin cosE E ik x y yρ ϕ ϕ−
⊥= − + −

( )( )( )0 0exp sin cosE E ik x y yτ ψ ψ+
⊥= − + −

( )( )0 2 1 cosy y k kα ϕ= − −

 da ( )( )0 2 1 cosy y k kβ ϕ= − +

n 1P y E k k( ) ( )( ) ( )22
0 2 1 0mi ρ P y⊥⎡ ⎤ = − + =⎣ ⎦

( ) ( )( ) (22
0 2 1 0 )1P y E k kmax ρ P y⊥⎡ ⎤ = − + =⎣ ⎦

( ) ( )
2

1

20 2 2
0 2 1

sin1 2 cos
k

k

P y E E dk E k k ρ ρ α β
α

−
⊥ ⊥

⎛ ⎞= + = − + +⎜ ⎟
⎝ ⎠∫

0ρ⊥ < (ε2>ε1) 

0ρ⊥ > (ε2<ε1)  

 

ε1 

ε2 

y0

k
r

  ψ 

    ϕ     ϕ 

x

0 y E
0 −H E

−H

+E
+H

nax .2.20 
2 garemos gamyof zedapiri 

dacemuli arekvlili da gardatexili sxivebi 
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nax. 2.22 

sferuli sensoruli  segmenti 

 

nax. 2.21 
sferos geometria  

R = 1m;  ε =3.0; μ = 1.0

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
ganvixiloT sferos zedapiris aRdgenis SemTxveva. nax. 2.21–ze mocemulia 
sferos geometria. rogorc naxazze Cans, sfero samkuTxedebad aris 
dayofili. aseTi saxiT mocemuli geometriis damuSaveba gacilebiT 
martivia.  mocemul sferoze ecema impulsi da Semdeg xdeba sferodan 
arekvlili velis registrireba (nax. 2.22) segmentze. am SemTxvevaSi Cven 
SegviZlia aRvadginoT sferos zedapiris garkveuli nawili. nax. 2.23-ze 
warmodgenilia swored am nawilis aRdgenis suraTi. suraTze arsebuli 
velis minimumi Seesabameba sferos zedapirs.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

nax. 2.24 

sferos zedapiris sruli aRdgena 

nax. 2.23 

sferos zedapiris nawilobrivi aRdgena 

 
 
Tu sferos davasxivebT ramodenime mxridan da Semdeg TiToeuli 
SemTxvevisTvis aRvadgenT mis zedapirs, am aRdgenil velTa superpozicia 
mogvcems nax. 2.24-ze gamosaxul suraTs. es suraTi warmoadgens 8 
sxvadasxva mxridan aRdgenili sferos zedapiris zeddebas ise, rom 
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saaTis isris sawinaaRmdego mimarTulebiT xdeboda wyaros da segmentis 
Semobruneba 45 gradusiT. 
  ganvixiloT meore sferos zedapiris aRdgenis SemTxveva. es sfero wina 
SemTxvevisagan imiT gansxvavdeba, rom misi dieleqtrikuli SeRwevadoba 
ufro naklebia (nax. 2.25). 
 
 

nax. 2.25 

sferos geometria 

R = 1m, ε=6.0, μ = 1.0 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Tu mocemuli sferosTvis gavimeorebT igive proceduras, anu aRvadgenT 
misi zedapiris nawils sxvadasxva mxridan da Semdeg movaxdenT maT 
superpozicias, miviRebT Semdeg suraTebs (nax. 2.26). 
 
 

nax. 2.26  

a) sferos zedapiris nawilobrivi aRdgena 

b) sferos zdapiris sruli aRdgena 

 

 b) a) 
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axla ganvixiloT ufro rTuli sxeulis zedapiris aRdgena. kerZoT kubi, 
romlis wiboebi momrgvalebulia. (nax. 2.27) 
 

nax. 2.27 

momrgvalebul wiboebiani kubis geometria 

ganzomileba: 4m X 4m X 4m ; ε=6.0; μ = 1.0 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cveulebisamebr vaTavsebT wyaros Sor manZilze. amiT uzrunvelvyofT 
imas, rom sxeulze dacemuli talRa brtyelia. misgan arekvlil vels ki 
vzomavT segmentze (nax. 2.22). erTjeradi aRdgenis Sedegad miiReba Semdegi 
suraTi (nax. 2.28). aq Cans kubis sibrtyiT kveTis mxolod nawilis 
aRdgena, romelic suraTze mocemulia Savi zolis saxiT. 
 
 
 
 

nax. 2.29 

kubis zdapiris sruli aRdgena 
nax. 2.28 

kubis zdapiris nawilobrivi 

aRdgena 
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nax. 2.29 - ki gviCvenebs am kveTis srul aRdgenas. aRdgena SeiZleba 
movaxdinoT kubis sxva sibrtyiT kveTisTvisac da amiT uzrulvelvyoT 
misi zedapiris sruli aRdgena. 
 davubrundeT isev sferos aRdgenis SemTxvevas. amjerad gavzomoT 

sferodan arekvlili veli erT romelime sferodan moSorebul 
wertilSi. miviRebT periodul impulss, romelic gamosaxulia nax. 2.30-ze. 
mocemul suraTze Cans sferodan impulsis mravaljeradi arekvlis 
Sedegi. kerZoT, pirveladi impulsi irekvleba sferos wina zedapiridan, 
Semdeg impulsi Sedis SigniT da irekvleba misi ukana zedapiridan _ 
miiReba meoradi arekvla; nawili meoradi arekvlili impulsisa 
irekvleba isev  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

dt 

nax. 2.30 

sferodan arekvlili impulsis droze damokidebuleba gazomili sferodan garkveul 

manZilze wertilSi. naxazze Cans sferos zedapiridan mravaljeradi arekvlis Sedegi
 
 
wina zedapiridan da ase Semdeg, sanam ar miileva. nax. 2.30 magaliTad 

Cans 5 jeradi arekvla. drois intervali  dt yovel or momdevno 
arekvlas Soris gviCvenebs Tu ra dros ayovnebs talRa sferos 
diametris gaswvriv moZraobas win da ukan. Tu viciT sferos zomebi, 
maSin SevZlebT davadginoT misi dieleqtrikuli SeRwevadoba, radgan 

sferos SigniT impulsis gavrcelebis siCqare 
cv
ε

=  aramagnitur garemo 
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$2.4 CaZiruli sxeulis zedapiris aRdgena 

 
  sanam uSualod zedapiris aRdgenis amocanaze gadavidodeT, 

gavarkvioT SesaZlebelia Tu ara CaZiruli sxeulidan arekvlili velis 
gazomva da ra rigisaa igi. 
 
 

 

nax. 2.31 

yE  da  zH  velebis ganawileba miwaSi CaZiruli sxeulis axlo areSi 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
nax. 2.31-ze gamosaxulia CaZirul sxeulze eleqtromagnituri talRis 

difraqciis Sedegad miRebuli eleqtruli da magnituri daZabulobis 
ganawilebaTa suraTebi. miwis zemoT mocemulia sruli veli, anu 
dacemuli da arekvlili velebis jami. Tu Cven mocemuli velis 
gavrcelebas davakvirdebiT dinamiur reJimSi, dacemuli veli sakmaod 
didia arekvlilTan SedarebiT;Aamitom faqtiurad marto dacemuli veli 
Cans. magram Tu miwis zemoT gamovsaxavT mxolod arekvlil vels, 
davinaxavT rom arekvlili veli arcTu ise mcirea da SeiZleba misi 
gazomva. es SemTxveva warmodgenilia nax. 2.32-ze. 
 
 

 

nax.2.32 

yE  da  zH  velebis ganawileba miwaSi CaZiruli sxeulis axlo areSi 
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  miwaSi CaZiruli sxeulis mTeli zedapiris aRdgena SeuZlebelia, 
radgan zemodan Cans mxolod wina nawili. imis mixedviT Tu miwis mimarT 
ra kuTxiT vakvirdebiT, davinaxavT misi zedapiris mxolod nawils. Tu 
Semdeg movaxdenT sxvadasxva kuTxidan gadaRebuli suraTebis zeddebas, 
miviRebT CaZiruli sxeulis zedapiris didi nawilis aRdgenas. Cven 
ganvixileT sxvadasxva parametrebis mqone miwaSi CaZiruli sferos 
zedapiris aRdgenis magaliTi. erT-erTi SemTxveva warmodgenilia qvemoT. 
 
 

nax. 2.33 
miwaSi  CaZiruli sxeulis da sensoruli segmentis geometria 

  ε1=1.0 (haeris), ε2=1.3 (miwis) , ε3=4.0 (CaZiruli sxeulis) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
nax. 2.33-ze naCvenebia CaZiruli sferos da sensoruli segmentis 

geometria, agreTve miwisa da sferos parametrebi. mocemuli parametrebis 
mqone miwisa da CaZiruli sferosTvis ganvixileT segmentis da 
eleqtromagnituri impulsis wyaros sxvadasxva mdebareoba, TiToeuli 
SemTxvevisTvis aRvadgineT sxeulis mdebareoba da Semdeg movaxdineT 
maTi zeddeba (nax.2.34).  
 

 

ϕ=120 superpozicia ϕ=60 ϕ=90 

nax. 2.34 CaZiruli sxeulis zedapiris aRdgena sxvadasxva kuTxiT 
yurebisas da maTi superpoziciis Sedegi 
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ganvixiloT rogor aris damokidebuli CaZiruli sferos zedapiris 
aRdgenis xarisxi miwis dieleqtrikul SeRwevadobaze. es damokidebuleba 
gamowveulia imiT, rom Cven sxeulis zedapiris aRdgenisas viyenebT im 
movlenas, rom sruli veli sxeulis zedapirze gvaZlevs minimums. 
amisTvis segmentze gazomili velis mniSvnelobebis saSualebiT aRdgenil 
vels unda davadoT dacemuli veli, rac vakuumSi moTavsebuli 
sxeulisTvis cnobilia. magram miwaSi moTavsebuli sxeulisTvis zogadad 
ucnobia. amitom CaZiruli sxeulis SemTxvevaSic aRdgenil vels vamatebT 
dacemul vels vakuumSi. amitom miwis dieleqtrikuli SeRwevadobis 
zrdasTan erTad cdomileba moimatebs. am SemTxvevas gamosaxavs nax. 2.35-
ze gamosaxuli suraTebi. 
 
 

 

b)  ε1=1, ε2=1.5 , ε3=4 a) ε1=1, ε2=1.1 , ε3=4 

  g) ε1=1, ε2=2 , ε3=5    d)ε1=1, ε2=2 , ε3=6 
nax. 2.35  CaZiruli sferos zedapiris aRdgena  ε1− haeris dieleq. SeRw. , ε2 − miwis 

ε3−  CaZiruli sxeulis. 
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suraTebze zeda minimumi Seesabameba miwis zedapirs, qveda ki sferos 
zemoTa nawils. dieleqtrikuli SeRwevadobis zrdasTan erTad aRdgenis 
sizuste mcirdeba, magram miwis dieleqtrikuli SeRwevadoba, 
gansakuTrebiT Tu is mSralia, ar aris didi da es amocana am meTodis 
saSualebiT  mesame miSnis kargi sizustiT ixsneba.  
   aqamde ganvixilavdiT CaZirul dieleqtrikul sferos. mocemuli 
meTodi saSualebas vaZlevs aRvadginoT CaZiruli metaluri sferos 
zedapiric; Tanac aRdgenis xarisxi gacilebiT ukeTesia, radgan 
arekvlili veli gacilebiT metia.  
 

nax. 2.36  

Tavisufal sivrceSi moTavsebuli 

metaluri sferos zedapiris aRdgena  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
nax. 2.36 warmoadgens metalur sferos zedapiris aRdgenas vakuumSi. 

vizualuri dakvirvebis TvalsazrisiT  sakmaod kargi minimumi miiReba 
sferos zedapirze. Tu mocemul sferos movaTavsebT dieleqtrikSi, anu 
Cven SemTxvevaSi CavZiravT miwaSi, davinaxavT rom dieleqtrikuli 
SeRwevadobis zrdasTan erTad velis minimumi, romelic sferos 
mdebareobas gviCvenebs, qveviT inacvlebs (nax. 2.37). Tumca es wanacvleba 
sferos farglebs ar cildeba. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

a) 1 1ε = , 2 1.3ε =  b) 1 1ε = , 2 1.5ε =  g) 1 1ε = , 2 2ε =  

nax. 2.37 

CaZiruli metalis zedapiris 

aRdgena 
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$2.5 segmentze velis interpolacia 

 
rogorc zemoT aRvniSneT, CaZiruli sxeulis vizualizaciisaTvis 

saWiroa sferul segmentze, romelic moTavsebulia miwis zemoT, 
gaizomos velis mniSvnelobebi da Semdeg moxdes velis aRdgena gazomili 
velis mniSvnelobebis safuZvelze. aRdgenis winaswar arCeuli maRali 
sizustis  sizustis misaRebad saWiroa veli gaizomos sakmaod bevr 
wertilSi. Cvens amocanaSi es ricxvi udris 121-s; magram realurad amis 
ganxorcieleba metad mouxerxebelia, radgan TiToeul wertilSi velis 
gazomvisTvis gvWirdeba TiTo xelsawyo _ sul dagvWirdeba 121. aseTi 
gamzomi xelsawyoebi sakmaod Zviria, da es problemac rom ar arsebobdes, 
121 xelsawyos transportireba imisaTvis, rom gamokvleul iqnas miwis 
sxvadasxva ubani, metad mouxerxebelia. metad mniSvnelovni da 
aucilebelia, rom moxdes am raodenobis minimizacia. am problemis 
gadasaWrelad mivmarTavT velis interpolaciis meTods, anu xdeba velis 
mniSvnelobebis gazomva segmentze mcire raodenobis wertilebSi, da 
Semdeg im daSvebiT, rom veli im segmentis  
 
 
 
 

aRdgenili veli interpolaciiT 

wertilebis raodenoba: 6x6 
aRdgenili veli interpolaciis gareSe 

wertilebis raodenoba: 11x11 

nax. 2.38 

segmentze velis interpolacia 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
gaswvriv romelzec gazomva xdeba, mcired icvleba, vaxdenT mis 

interpolacias _ igive aproqsimacias. nax. 2.38-ze warmodgenilia 121 
sensoris saSualebiT velis aRdgena da SemTxveva, roca gvaqvs mxolod 
36 wyaro; oRond Semdeg movaxdineT velis interpolacia. rogorc 
suraTebidan Cans damTxveva sakmaod kargia. Cven ar SevCerdiT wertilebis  
aRniSnul raodenobaze da SevamcireT: kerZod,D gavixileT 25, 9 wertilis 
SemTxvevebi; da bolos vaCveneT, 4 wertilisTvisac kidev sruliad 
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damakmayofileblad SeiZleboda velis aRdgena. es SemTxvevebi 
warmodgenilia nax. 2.39-ze. 
  

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

wertilebis raodenoba 3X3 wertilebis raodenoba 5X5 wertilebis raodenoba 2X2 

NANAnax. 2.39 

velis aRdgena interpolaciiT  

 

$2.6 miwis STanTqmis unarianobis damokidebuleba sxeulis CaZirvis siRrmeze 

 
rogorc zemoT aRvniSneT, miwas vasxivebT impulsiT, romlis speqtric 

mdebareobs im ubanSi, romlisTvisac miwa met-naklebad gamWvirvalea. am 
diapazonSic ki miwas garkveuli STanTqma mainc gaaCnia. amitom rac ufro 
Rrmad aris sxeuli, miT meti manZilis gavla uxdeba impulss da miT 
metad miileva. 
 

 

nax. 2.40 
arekvlili impulsis damokidebuleba 
sxeulis miwaSi CaZirvis siRrmeze 
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nax. 2.40-ze warmodgnilia miwis zemoT moTavsebul sensorSi gazomili 
miwidan arekvlili impulsis droze damokidebulebis grafikTa ojaxi, 
miwaSi sxeulis sxvadasxva siRrmeze CaZirvis SemTxvevisaTvis. suraTze 
pirveli piki Seesabameba miwidan arekvlil impulss, xolo meore ki 
sxeulidan arekvlils. rogorc suraTze Cans, meore pikis simaRle 
mcirdeba CaZirvis siRrmis matebasTan erTad da 3 metris Semdeg, 

faqtiurad xmauris donezea.  grafikebi agebulia -is 
SemTxvevisTvis. es arcTu ise mcire STanTqmaa, rac iZleva 
SesaZleblobas, rom realur SemTxvevaSi ufro Rrmad arsebul 
obieqtebsac davakvirdebiT. 

'' 0.5ε =

rodesac eleqtromagnituri talRa ecema miwas, nawili energiisa 
airekleba misgan, nawili ki aRwevs miwis SigniT da irekleba miwaSi 
arsebuli araerTgvarovnebebidan. CaZiruli sxeulis zedapiris 
aRdgenisaTvis, cxadia rom arekvlil impulsSi, miwis wiaRis 
araerTgvarovnebebidan arekvlili wvlili ar unda iyos Zalian mcire 
miwis zedapiridan areklvilTan SedarebiT,  raTa moxerxdes misi 
gazomva. 
 

nax. 2.41 

arekvlili velis suraTi ergvarovani miwidan (marcxniv) da miwaSi moTavsebuli 

sferuli siRruidan  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
nax. 2.41-ze warmodgenilia marcxniv erTgvarovani miwidan arekvlili 

velis suraTi; xolo marjvniv igive suraTi, rodesac miwaSi gvaqvs 
sferuli siRrue. suraTze naTlad Cans, rom sferuli siRruis 
SemTxvevaSi miwidan arekvlil veli gansxvavdeba SemTxvevisgan, roca miwa 
araerTgvarovania (naxazze arekvlili veli mocemulia suraTis zemo 
nawilSi, miwis gamyofi zedapiris zemoT). 
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  igive Sedegi naTlad Cans impulsis arekvlis dros: Tu miwis zemoT 
romelime wertilSi gavzomavT arekvlil vels,  zemoT aRiSnuli ori 
SemTxvevisTvis gansxvaveba aSkara Seiqmneba. es kargad Cans nax. 2. 42-ze: 
marcxniv warmodgenilia 2 grafiki _ pirveli Seesabameba erTgvarovani 
miwidan impulsis arekvlas; meore ki impulsis arekvlas, rodesac miwaSi 
moTavsebulia sferuli siRrue _ am SemTxvevisTvis grafikze Cndeba 
meore piki, romelic Seesabameba sferuli siRruidan arekvlas, miwidan 

arekvlis Sesabamisi pirveli piki ki am orive SemTxvevaSi erTmaneTs 
emTxveva. TuU sferul siRrues movaTavsebT ufro Rrmad, maSin grafikze 
meore piki wainacvlebs marjvniv  (nax. 2.42 marjvniv).  
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

nax. 2.42 

miwidan arekvlili impulsis droze 

damokidebuleba 

 
 
 
Tu sferul siRrues SevcvliT sferuli dieleqtrikiT, maSin 

arekvlili veli aseve Seicvleba. es mosalodnelicaa, radgan winaaRmdeg 
SemTxvevaSi ver ganvasxvavebdiT ra obieqtia miwis SigniT, anu aqedan 
gamomdinare _ sxvadasxva formis, zomis, mdebareobisa da dieleqtrikuli 
SeRwevadobis mqone CaZirul obieqts gansazRvruli arekvlili impulsi 
Seesabameba; maSasadame Tu SevadgenT garkveul biblioTekas sxvadasxva 
SemTxvevisTvis, realur eqsperimentze erT wertilSi gazomili 
arekvlili impulsis saSualebiT ganvsazRvravT ra araerTgvarovnebaa 
miwaSi. nax. 2.43-ze warmodgenilia zemoT aRniSnuli ori SemTxvevisTvis  
arekvlili impulsebis Sedareba.  …  
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nax. 2.43 
miwidan arekvlili impulsebis Sedareba 
1. miwaSi arsebuli sferuli siRruidan 

2.miwaSi arsebuli dieleqtrikidan
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Tavi III Sebrunebuli amocanebis amoxsna fotografiuli meTodis 
saSualebiT 

     
$2.7 linzis Tvisebebis gamokvleva 

 
zemoT Cven ganvixileT fotografiuli meTodi, rogorc damxmare 

gamomsxiveblis meTodis kerZoO SemTxveva. rogorc ukve aRvniSneT, gvaqvs 
linza, romlis saSualebiTac xdeba miwidan an sxeulidan arekvlili 
velis fokusireba. gamovikvlioT misi Tvisebebi. 

nax. 2.44 ramodenime 

wyaros fokusireba 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
vTqvaT gvaqvs sami wyaro, romlebic ganlagebuli arian nax. 2.44-ze 

naCvenebi saxiT.  
gamovikvlioT rogor aris damokidebuli gamosaxuleba wyaroTa 

mdebareobaze da urTierTganlagebaze. jer ganvixiloT SemTxveva, 
rodesac wyaroebi ganlagebulia linzis siaxloveSi. es SemTxveva 
gamosaxulia nax. 2.45-ze. sakmarisia wyaroebi linzas davaSoroT, rom 
gamosaxulebaSi wyaroTa Soris manZili Semcirdeba. es kargad Cans nax. 
2.46-ze   

 
 

 
 
 
 
 
 
 
 
 
 
 
 

nax. 2.45 
ramodenime wyaros fokusireba 

d =1, 5.0

 

1 2 =d , 4=d 53 4 =d  

nax. 2.46 
ramodenime wyaros fokusireba 

d =1, 5.01 2 =d , 15=d 5=d  3 4
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am SemTxvevaSi fokusuri manZilis cvlileba aRar aris saWiro, raTa 
samive wyaro davinaxoT mocemuli naxazis  

 
 
 
 

nax. 2.47 erTi wyaros fokusireba 

a) 6,6 43 == dd  b) 3,6 43 == dd  

a) b)

 
 
 
 
 
 
 
 
 
 
 
 
 

marTobul sibrtyeSi; maSin roca wina SemTxvevaSi wyaroTa 
gamosaxulebebi erTmaneTs dacilebulia da  miiReba samive wyaros 
gamosaxuleba sxvadasxva sibrtyeSi.  nax. 2.47-ze naCvenebia erTi wyaros 
fokusirebis SemTxveva: a) SemTxvevaSi saproeqcio ekrani moTavsebulia 
linzidan 6 metris;  xolo b) SemTxvevaSi 3 metris manZilze. rogorc 
naxazidan Cans, fokusirebis xarisxi (gamosaxulebis simkveTre) meore 
SemTxvevaSi ufro kargia. nax 2.47- ze naCvenebi sibrtyis marTobul 
sibrtyeSi velis fokusirebis suraTi mocemulia nax. 2.48-ze orive a) da 
b) SemTxvevisTvis:    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

nax. 2.48 erTi wyaros fokusireba 

a) 6,6 43 == dd  b) 3,6 43 == dd  

a) b)
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rogorc naxazidan Cans, wyaros kargi fokusirebisTvis didi 
mniSvneloba aqvs parametrebis sworad SerCevas. fokusirebis xarisxze? 
gavlenas axdens agreTve linzis zoma (nax. 2.49): 

 
 
 

linzis radiusi=7m, 31.0=λ  linzis radiusi=6m, 31.0=λ  linzis radiusi=5m, 31.0=λ  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

     
 
 
 
 
 
 

linzis radiusi=3m, 31.0=λ  linzis radiusi=2m, 31.0=λ  linzis radiusi=1m, 31.0=λ m 

nax. 2.49 fokusirebis xarisxis linzis zomaze 

damokidebuleba 

 
 
 
 

$2.8 sxeulis mdebareobisa da zedapiris gansazRvra 
 

ganvixiloT birTvis zedapiris aRdgenis magaliTi fotografiuli 
meTodis saSualebiT. birTvi moTavsebulia linzidan 6 metris manZilze. 
mis aRmosaCenad linzis parametrebs varCevT ise, rom man moaxdinos 
skanireba 5-dan 7- metramde diapazonSi; da TiToeuli SemTvevisTvis 
moxdes velis aRdgena. saukeTeso garCevadobis, kerZoT maRali 
gradientis mqone suraTi Seesabameba im sibrtyes, romelic kveTs birTvs. 
danarCen SemTxvevebSi suraTi gadRabnilia.    
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nax. 2.50 

a)birTvi fokusSia b)birTvi ar aris fokusSi 

a) 
b) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
nax. 2.50-ze warmodgenilia linzis zedapirze gazomili velis 
saSualebiT velis aRdgenis suraTis ori sxvadasxva SemTxveva, rodesac 
aRvadgenT linzidan sxvadasxva manZiliT daSorebuli sibrtyis velebs: 
a) SemTxveva Seesabameba sibrtyes, romelic kveTs birTvs; xolo b) 
SemTxvevaSi sibrtye birTvidan  daSorebulia 0.5 metriT.  nax. 2.50-b) 
SemTxvevaSi gamosaxuleba gadRabnilia da ganfenilia sakmaod did areze 
_ birTvis realuri radiusi 0.8 metria, suraTis masStabidan ki 
gamomdinare birTvi gacilebiT didi Cans. a) SemTxvevaSi gamosaxulebaze 
kargad Cans birTvis kveTis formac anu wre da misi zomac _ suraTis 
masStabidan gamomdinare emTxveva birTvis zomas. realur eqsperimentze, 
rodesac ar viciT sxeulis mdebareoba, movaxdenT skanirebas sakmaod 
did diapazonSi mcire bijiT da kompiuteri avtomaturad amoirCevs im 
suraTs, sadac velis gradienti sakmaod maRalia. am ukanasknelis 
gamosaTvlelad ki vpoulobT velis minimumsa da maqsimums Soris 
sxvaobas. ricxviTi eqsperimentis saSualebiT xdeba svadasxva sirTulis 
formis mqone sxeulis zedapiris aRdgena da Semdeg gadavdivarT 
CaZiruli sxeulis mdebareobis da formis dadgenaze. mocemuli 
algoriTmi warmatebiT muSaobs orive SemTxvevaSi. qvemoT warmodgenili 
iqneba es SemTxvevebi. 
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$2.9 kubis zedapiris aRdgena  
 

ganvixiloT kubis zedapiris aRdgenis SemTxveva. is rom am meTodiT 
SesaZlebelia sxeulis mdebareobis dadgena, ar aris sakmarisi. 
sasurvelia moxdes sxeulis amocnoba. Cven avirCieT kubi, romelic 
sferosTan SedarebiT ufro rTuli figuraa _ mas aqvs RerZuli 
simetria. unda aRiniSnos is faqti, rom fotografiuli meTodis 
SemTxvevaSi ganvixilavT monoqromatuli talRis dacemas sxeulze; Tu 
holografiuli meTodis SemTxvevaSi SeuZlebeli iyo sxeulis 
mdebareobis da formis aRdgena erTi sixSiriT, aq am SemTxvevaSi _ 
fotografiuli meTodiT erTi sixSire sakmarisia. magram radgan 
sabolood mainc impulss gamoviyenebT da impulsi ki ramodenime 
sixSires Seicavs, fotografiuli meTodis gamoyneba ufro zust 
informacias mogvcems sxeulis Sesaxeb. kubs vaTavsebT 6 metris manZilze 
miwis siRrmeSi rogorc es sferos SemTxvevaSi iyo. kubi SemovatrialeT 
45 gradusiT, radgan realur SemTxvevaSi misi orientacia SeiZleba 
nebismieri iyos. kubi dieleqtrikulia da misi SeRwevadoba 3ε = . kubis 
kuTxeebi momrgvalebulia radgan pirdapiri amocanis amoxsna ufro 
martivia. realurad ki SesaZlebelia sxeulis zedapiri ar iyos gluvi. 
mocemuli meTodi, Tu arekvlili velis mniSvnelobebi cnobilia, SeZlebs 
aRadginos aragluvi zedapiris mqone sxeulebic. nax. 2.51-ze  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

nax. 2.51 

kubis zedapiris aRdgena 

a)kubi ar aris fokusSi    b)kubi fokusSia 

a) b)

 
warmodgenilia kubis zedapiris aRdgenis SemTxveva: a) suraTze, 

romelic Seesabameba linzidan 5 metrs anu kubidan moSorebiT, miiReba 
gamosaxuleba, romelic kubs ar gavs; Tu ganvixilavT sibrtyes linzidan 
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6 metris manZilze, anu es Seesabameba sibrtyes romelic gadis kubis 
centrze, miviRebT b) suraTs. es ukanaskneli gamosaxuleba iZleva 
saSualebas ganvsazRvroT rom sxeuli kubia momrgvalebuli kuTxeebiT.   
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$2.10 sagnis GgarCevisunarianobis damokidebuleba linzidan manZilze 
 
 

gamivikvlioT rogor aris damokidebuli sagnis garCevisunarianoba 
linzidan manZilze. movaTavsoT sxeuli sagnidan sxvadasxva manZilze 1 
dan 11 metramde diapazonSi da vnaxoT rogoria garCevisunarianoba.  

1. linzidan saproeqcio ekranamde manZili 3m. linzis simrudis 
radiusi 4m. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     b)linzidan sagnis centramde manZili 3m a)linzidan sagnis centramde manZili 1m 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

     d)linzidan sagnis centramde manZili 7m     g)linzidan sagnis centramde manZili 5m 
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   e)linzidan sagnis centramde manZili 9m     v)linzidan sagnis centramde manZili 11m 

nax. 2.52 

kubis zedapiris aRdgena 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
rogorc nax. 2.52-ze Cans, yvelaze saukeTeso varianti aris g) anu rodesac 
manZili  linzidan 5m–ia. Tumca ramdenadme damaxinjebulia _ masSi 
SegviZlia amovicnoT kubi da is faqti, rom kubi 45 gradusiT aris 
Semobrunebuli.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a)linzidan sagnis centramde manZili 1m b)linzidan sagnis centramde manZili 3m 
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g)linzidan sagnis centramde manZili 5m d)linzidan sagnis centramde manZili 6m 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7m–is zemoT is ukve mrgval laqad iqceva da veRar gavarCevT mis formas. 
es Sedegi  ar niSnavs imas, rom saukeTeso xedvis manZili 5 m–ia. amisTvis 
kidev CavataroT erTi gamokvleva.  amjerad linzidan saproeqcio 
sibrtyemde manZili aviRoT 6m da gavimeoroT igive: 
2. linzidan saproeqcio ekranamde manZili 6m. linzis simrudis radiusi 
4m. 
nax. 2.53 suraTebidan yvelaze kargi aRdgena gvaqvs rodesac sagani 
linzidan 8 metris manZilzea. aqedan gamomdinare, imis mixedviT Tu 
rogor aris ganlagebuli saproeqcio ekrani, linza da sagani, saukeTeso 
xedvis manZili aris sxvadasxva. Cveni gamokvlevidan gamomdinare, Tu 
gvinda rom saukeTeso xedvis manZili wavanacvloT, saproeqcio ekranic 
igive mimarTulebiT unda wavanacvloT _ anu TuU Sors aris sagani,  
ekrans gavwevT ufro Sors; Tu sagani axlosaa maSin saukeTeso 
gareCevadobas rom mivaRwioT, ekranis linzas unda mivuaxlovoT. marto 
am parametris cvlileba ar aris sakmarisi radgan am dros xedvis 

e) linzidan sagnis centramde manZili 8m v)linzidan sagnis centramde manZili 10m 

nax. 2.53 
sagnis GgarCevisunarianobis damokidebuleba linzidan manZilze 
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siRrmec icvleba. amitom fokusuri manZili unda SevcvaloT ise, rom 
sagani isev fokusSi moxdes.  aseve mniSvnelovania saproeqcio ekranis 
zomis SerCeva, radgan Zalian didi zomis  aRebis SemTxvevaSi sagans 
gamosaxuleba mrgval laqad gadaiqceva. sasurvelia ekranis zoma sagnis 
gamosaxulebis zomas maqsimum 2-3 jer aRematebodes. 
    holografuli meTodisgan gansxvavebiT, fotografiuli meTodiT 
SesaZlebelia davakvirdeT sagans sxvadasxva manZilze da miviRoT kargi 
garCevadobis suraTi, gavzardoT xedvis siRrme. oRond amisaTvis saWiroa 
parametrebis zustad SerCeva. gamokvlevebi agreTve AaCvenebs, rom 
mocemul sixSireze, roca talRuri ricxvi 20k =  sm, xazovani zomebis 
mqone sxeulis formis garCeva SesaZlebelia maqsimum 10 metrze, rac 

Seesabameba xedvis kuTxis daaxloebiT -s.  5.7o
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$2.11 toroidis zedapiris aRdgena 
 

 gadavideT ufro rTuli formis mqone sxeulis, kerZod toroidis 
(nax.2.54) zedapiris aRdgenaze.  
 
 
 

nax. 2.54 

toroidi 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
wina SemTxvevebSi sxeuli moTavsebuli iyo linzidan 5 metrze. amjerad 
tors vaTavsebT 5 metris manZilze, vxsniT pirdapir amocanas _ anu 
torze difraqciis amocanas, Semdeg vpoulobT toridan arekvlil vels 
linzis zedapirze da aRvadgenT velis suraTs linzidan sxvadasxva 
manZilze ise, rogorc amas vakeTebdiT sxva sxeulebis SemTxvevaSi. nax. 
2.55-ze warmodgenilia velis aRdgenis 2 SemTxveva: marcxena  
 
 

nax. 2.55 

toris zedapiris aRdgena 

toroidi fokusSia(marcxniv) toroidi ar aris fokusSi (marjvniv)  
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Seesabameba linzidan 5 metris manZils; marcxena ki linzidan 5 metris 
manZils. rogorc vxedavT marcxena suraTi imeorebs toroidis formas, 
radgan is Seesabameba toris mdebareobas. marjvena suraTi ki 
gadRabnilia. 
linzis radiusi am SemTxvevaSi 3 metria, rac SedarebiT pataraa wina 
SemTxvevebisgan. ufro patara linzis aReba ar iZleva karg Sedegs. 
linzaze wertilebis raodenoba aris 15 X 15 da velis aRdgenas 
kompiuteri (P4, 2.4 GHZ) undeba 10 wami fiqsirebuli parametrebisTvis.  

 
 

$2.12 adamianis zedapiris aRdgena 
 

   ganvixiloT erTgvarovani adamianis zedapiris aRdgena. nax. 2.56-ze 
marcxniv wamodgenilia adamianis geometria mocemuli wertilebiT; xolo 
marjvniv ki aRdgenili velis suraTi, romelzec gamosaxuleba imeorebs 
adamianis geometrias. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

nax. 2.56 
adamiani geometria(marcxniv) da adamianis 

zedapiris aRdgena (marjvniv) 
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$2.13 CaZiruli sxeulis zedapiris aRdgena 
 

aqamde Cven vixilavdiT Tavisufal sivrceSi arsebul sxeulis 
zedapiris aRdgenis amocanas. magram Cveni amocanaa miwaSi CaZiruli 
sxeulis povna. amitom ganvixiloT zogadad dieleqtrikul garemoSi 
CaZiruli sxeulis aRdgena. kerZoT CaZiruli toris aRdgenis amocana. 

miwis dieleqtrikuli SeRwevadoba  1 2ε = .  xolo toris 2 3ε =  talRuri 

ricxvi k=20. 
 

nax. 2.57 

toris da miwis zedapiris geometria 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
manZili linzidan toramde 6.7m (nax. 2.57). magram radgan sxeuli miwaSia 
CaZiruli, gamosaxuleba miiReba ufro axlos. kerZod 4.95 metris 
manZilze. aRdgenili velis suraTi mocemulia nax. 2.58-ze: 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 
nax. 2.58 

CaZiruli toris zedapiris aRdgena
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$2.14 fotografiuli da holografiuli meTodebis Sedareba 
 
fotografiuli meTodis saSualebiT Cven aRvadgendiT sxeulis formas 

da mdebareobas. imisaTvis rom fotografiuli da holografiuli meTodi 
SevadaroT, ganvixiloT  ganmxoloebuli wyaroebis velis aRdgena 
fotografiuli meTodiT iseve, rogorc es gavakeTeT holografiuli 
meTodis SemTxvevaSi da miRebuli Sedegebi SevadaroT holografiuli 
meTodiT miRebul Sedegebs. nax. 2.59-ze warmodgenilia erTi wyaros velis 
aRdgenis SemTxveva fotografiuli da holografiuli meTodis 
saSualebiT wyaros sixSiris erTi da igive mniSvnelobebisTvis: 

rogorc naxazze Cans fotografiuli meTodis SemTxvevaSi wyaros 
veli lokalizebulia ufro mcire areSi da amrigad ufro axloa 
realur SemTxvevasTan. axla ganvixiloT SemTxveva rodesac gvaqvs ori 
wyaro erTmaneTisgan mcire  

 

nax. 2.59 

erTi wyaros aRdgenili velis Sedareba fotografiuli (marcxniv) da 

holografiuli (marjvniv) meTodebis saSualebiT 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
manZiliT daSorebuli. maTi Sesabamisi aRdgenili velis suraTebi 

mocemulia nax. 2.60-ze. 
 

nax. 2.60 

erTi wyaros aRdgenili velis Sedareba fotografiuli (marcxniv) da 

holografiuli (marjvniv) meTodebis saSualebiT 
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rogorc naxazze Cans. fotografiuli meTodiT aRdgenil velis 
suraTSi orive wyaro erTmaneTisgan gancalkevebulia, 
xolo holografiulis SemTxvevaSi wyaroTa velebi erTmaneTs 
gadafaravs.  
 
 
 

linza saproeqcio ekrani wyaroebi 

nax. 2.61 

sami wyaros fokusireba

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
gavzardoT wyaroTa raodenoba da amjerad ganvixiloT 4 wyaro da 

ganvalagoT sivrceSi ise rogorc es  nax. 2.61-zea naCvenebi. 
 
 
 
 

 

nax. 2.62 

4 wyaros fokusireba 

a)F=5m, b) F=4m, g)F=3m 

b) a) g) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
wina SemTxvevebSi aRdgenil vels vakvirdebodiT linzis marTobul 
sibrtyeSi, axla davakvirdeT linzis sibrtyeSi. mivaniWoT fokusur 
manZils sxvadasxva mniSvneloba da vnaxoT ras miviRebT ekranze. Cveni 
mizania sxvadasxva fokusuri manZilisTvis movaxdinoT ekranze jer sami 
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wyaros fokusireba, romelic erT sibrtyeSi mdebareobs linzidan  6 m-is 
manZilze;  
Semdeg ki meoTxe wyaros fokusireba romelic linzidan 4 metris 

manZilze mdebareobs. nax. 2.62-ze warmodgenilia sami sxvadasxva SemTxveva: 
a) SemTxvevaSi fokusuri manZili udris 5 metrs da saproeqcio ekrnze 

miiReba sami wyaros veli.  
b) SemTxvevaSi gvaqvs gardamavali SemTxveva. fokusuri manZili udris 4 

metrs.  
g) SemTxvevaSi fokusuri manZili udris 3 metrs da miiReba meoTxe 

wyaros gamosaxuleba romelic pirveli sami wyarosgan gansxvavebiT 
linzasTan ufro axloa.  
swored amiT gansxvavdeba fotografiuli meTodi holografiulisgan: 

is iZleva erTxel gazomili velis mniSvnelobebiT movaxdinoT garemos 
skanireba da vipovoT sxeulis mdebareoba. 

daskvna. damxmare gamomsxiveblebis meTodi saSualebas iZleva 
amoixsnas Sebrunebuli amocana me-5 niSnamde sizustiT. Cvens mier 
ganxilul iqna Sebrunebuli amocanis amoxsnis kerZo SemTxveva, kerZoT 
miwaSi CaZiruli sxeulis vizualizaciis amocana. amocanis amoxsna 
Seicavs Semdeg etapebs:  

_ pirvelad xdeba miwis maxasiaTeblis dadgena _ dgindeba ra 
sixSirul diapaxzonSia miwa gamWvirvale.  

_ Semdeg xdeba dacemuli impulsis parametrebis SerCeva ise, rom 
mocemuli impulsis speqtri Seicavdes sixSireebs, romlis mimarTac miwa 
met-naklebad gamWvirvalea.  

_ amis Semdeg xdeba pirdapiri amocanis amoxsna, rac saSualebas 
iZleva gaizomos miwidan da misi siRrmeebidan arekvlili impulsi 
garkveul zedapirze.  

_ gazomili monacemebis safuZvelze analizuri gagrZelebiT xdeba 
velis aRdgena sasurvel areSi fotografiuli da holografiuli 
meTodebis daxmarebiT. es iZleva saSualebas aRmovaCinoT miwaSi 
moTavsebuli sxeuli, davadginoT misi mdebareoba, forma da zomebi.  

_ Seqmnilia programuli paketi, romelic iZleva saSualebas 
davamodeliroT miwaSi CaZiruli sxvadasxva formis, zomis da 
eleqtrodinamikuri parametrebis sxeuli; amoixsnas pirdapiri amocana da 
Semdeg Sebrunebuli amocanis amoxsnis Sedegad moxdes CaZiruli sxeulis 
vizualizacia realur droSi. 
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Tavi III 

 
fotonuri kristalebis kompiuteruli modelireba 
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zogadi mimoxilva 
 

   rogorc wesi, arsebiTi winsvla teqnologiis ganviTarebis istoriaSi 
SesaZlebeli xdeba masalaTa Tvisebebis ufro Rrma aRqmis da maTi 
gamoyenebis wyalobiT. istoriamdeli xalxi qmnidnen iaraRebs im codnaze 
dayrdnobiT, rom qva mtkicea da rkina ki myari. TiToeul SemTxvevaSi, 
kacobrioba swavlobda amoeRo miwidan masalebi, romelTac hqondaT 
sasargeblo Tvisebebi konkretuli gamoyenebisTvis. amis Semdgom inJinrebma 
iswavles imaze ufro meti, vidre ubralod gamoeyenebinaT is, rasac miwa 
iZleoda – kerZod cnobili masalebis saSualebiT isini qmnidnen 
substanciebs ufro sasargeblo TvisebebiT – adreuli brinjaodan 
dRevandel betonamde da foladamde. metalurgiis miRwevebis, keramikisa da 
plastikis wyalobiT dRevandel dRes CvenTvis misawvdomia mravali 
sruliad xelovnuri masala meqanikuri Tvisebebis farTo diapazoniT. 
   bolo aTwleulSi mikrotalRuri da optikuri eleqtronikis swraf 
ganviTarebasTan dakavSirebiT, warmoiSva aucilebloba Seiqmnas specialuri 
masala maTi eleqtruli da optikuri Tvisebebis marTvis SesaZleblobiT. 
mas Semdeg rac ukve  SesaZlebeli gaxda masalebis damuSaveba, romlebic 
ewinaaRmdegebodnen sinaTlis gavrcelebas, atarebdnen mas mxolod 
garkveul sixSireebze, an axdendnen mis lokalizebas garkveul areSi – es 
maSinve gamoyenebul iqna mraval Tanamedrove teqnologiur 
optoeleqtronul mowyobilobaSi maTi praqtikuli realizebis mizniT.  

Tavis droze TviT optikurboWkovanma kabelebma, romlebic ubralod 
atarebdnen sinaTles, moaxdines namdvili revolucia telekomunikaciis 
industriaSi.  

rogori masalebi mogvcemen masSi gamavali sinaTlis sakmarisi 
kontrolis saSualebas? rom vupasuxoT am kiTxvas, gavavloT analogia 
naxevargamtaruli mikroeleqtronikis miRwevebTan; konkretulad 
ganvixiloT eleqtronis yofaqceva naxevargamtarSi. kristali warmoadgens 
periodulad ganlagebuli atomebis da molekulebis wyebas, e.i. 
kristaluri meseri iqmneba sivrceSi elementaruli mowesrigebuli saSeni 
agurebis _ atomebis da molekulebis  gameorebiT. amrigad masSi moZravi 
eleqtronisaTvis, rogorc damuxtuli nawilakisaTvis, kristali 
warmoadgens garemos perioduli eleqtruli potencialiT da kristalis 
geometria ganapirobebs misi gamtarobis mraval Tvisebas. kerZod, meserma 
SeiZleba Seqmnas akrZaluli areebi kristalis energetikul maxasiaTebelSi 
ise, rom garkveuli energiis mqone eleqtronebis gavrceleba raime 
mimarTulebiT iqneba ubralod akrZaluli. Tu mesris potenciali sakmaod 
maRalia, maSin akrZaluli zona SeiZleba warmoiqmnas yvela SesaZlo 
mimarTulebisTvis, da Seqmnas amrigad sruli akrZaluli zona (complete band 
gap). magaliTad, naxevargamtars aqvs sruli akrZaluli zona savalento 
zonis da gamtarobis zonis energetikul doneebs Soris. 
   naxevargamtaris optikuri analogi aris fotonuri kristali, romelSic 
perioduli potenciali fotonebisTvis warmoiqmneba (atomebis nacvlad) 
makroskopuli dieleqtrikuli elementebis perioduli mesris arsebobis 
wyalobiT. Tu mesris masalebis dieleqtrikuli Tvisebebi sakmaod 
gansxvavdeba, xolo sinaTlis STanTqma kristalis mier minimaluria, maSin 
garemoTa Soris  sazRvarze  fotonebisTvis (sinaTlis modebisTvis) 
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SeiZleba ganvapiroboT analogiuri movlenebis simravle, romelic 
daikvirveba eleqtronebis gavrcelebis SemTxvevaSi naxevargamtarebis 
atomur meserSi. amrigad, erT-erT saSualebas sinaTlis marTvisTvis 
warmoadgens fotonuri kristalebis  anu dabali STanTqmis mqone 
perioduli garemos gamoyeneba. kerZod, Cven SegviZlia davamuSaoT 
fotonuri kristali fotonuri akrZaluli zonebiT, romelic 
ewinaaRmdegeba mocemuli sixSiris sinaTlis gavrcelebas garkveuli 
mimarTulebiT da aqvs mocemuli mimarTulebis polarizacia. Semdeg, 
SevitanT ra meserSi specialur defeqtebs, an SevcliT ra romelime ujris 
Tvisebebs mocemuli xazis gaswvriv, SesaZlebelia Seiqmnas talRgamtari 
mocemul sixSirul diapazonSi. es specialuri defeqtebi, arxebi da 
ujrebi, sadac  aRwevs fotoni, warmoadgens rezonansul areebs mocemuli 
sixSiris sinaTlisTvis.  defeqtebis sxvadasxva tipi ganapirobebs arxis 
sxvadasxva yofaqcevas dacemuli talRis mimarT. es mniSvnelovnad aiolebs 
zemaRali sixSiris  xelsawyoebis analogebis Seqmnas optikur diapazonSi. 
zms  teqnikaSi farTodaa gavrcelebuli mowobilobebi talRis 
gavrcelebis marTvisTvis, iseTebi rogoricaa metaluri talRgamtari da 
siRrue. metaluri siRrue krZalavs talRebis gavrcelebas garkveuli 
zRvruli sixSireebis qvemoT, amave dros metaluri talRgamtari uSvebs 
gavrcelebas mxolod garkveuli mimarTulebiT. orive es Tviseba 
ukiduresad sasargebloa zms mowyobilobebis SeqmnisaTvis, da amitom 
sasurvelia uzrunvelvyoT isini  ufro maRal sixSireebzec, romelic 
gadian zms-is gareT. kerZod, optikur diapazonSi optikuri integraluri 
sqemebis Semadgeneli kvanZebis rangSi gamoyenebisaTvis. magram 
eleqtromagnituri talRebi maRal sixSireebze  (magaliTad xiluli 
sinaTle) swrafad STainTqmeba metaluri elementebiT. amas garda, 
analogiuri mowyobilobebis dasamzadeblad am diapazonSi moiTxoveba 
ufro maRali teqnologiuri sizuste, rac SeuZlebels xdis am 
mowyobilobebis konstruqciis pirdapir gadatanas optikur diapazonSi. 
amis sawinaaRmdegod fotonur kristalebs SeuZliaT ara marto gaimeoron 
RruTa da talRgamtarTa Tvisebebi otikur diapazonSi, aramed isini arian 
masStabirebadi da gamoyenebadi ufro farTo sixSirul diapazonSic. 
Tanamedrove teqnologia saSualebas iZleva Seiqmnas fotonuri 
kristalebis analogebi mocemuli konfiguraciis da sasurveli 
milimetruli zomebis  defeqtebiT zms diapazonisTvis, aseve mikronuli 
infrawiTeli sinaTlis samarTavadac.  
 
 
 
 
 
 
 
 
 
 
 

 



 64

programuli paketi 
 
naSromis Sesaval nawilSi warmodgenili iyo modeli SemuSavebuli 

damxmare gamomsxiveblebis meTodis bazaze da algoriTmi fotonuri 
kristalebis kompiuteruli modelirebisaTvis. warmodgenil algoriTmze 
Seqmnilia programuli paketi, romelic saSualebas gvaZlevs miviRoT 
eleqtromagnituri velis amplitudis da fazis ganawilebis suraTi axlo 
areSi da gadasxivebuli velis diagrama Sor zonaSi. programuli paketi 
gankuTvnilia inJineruli moxmarebisaTvis da ar saWiroebs algoriTmSi 
gamoyenebuli meTodis safuZvlian codnas. masSi advilad aris 
SesaZlebeli kristalis formis, zomis da dieleqtrikuli SeRwevadobis 
SerCeva. SesaZlebelia arCeul iqnas defeqtebis nebismieri ganlageba. aseve 
SegviZlia vcvaloT eleqtromagnituri velis wyaros agilmdebareoba da 
misi parametrebi: amplituda, faza da sixSire, maTi raodenoba da 
ganlageba. programuli paketi saSualebas iZleva dinamiur reJimSi 
vcvaloT aRniSnuli parametrebi da amave dros Tvali vadevnoT sistemaSi 
mimdinare talRur procesebs. fiqsirebuli mesrisaTvis SesaZlebelia 
vipovoT misi rezonansuli sixSire. Migi ganisazRvreba Sor zonaSi 
gadasxivebuli velis maqsimumis sixSireze damokidebulebis grafikidan, 
romelic avtomaturad igeba programis dinamiur reJimSi gaSvebis dros.  
   Catarebuli iqna ricxviTi eqsperimentebi sxvadasxva saxis kristaluri 
mesrisTvis da qvemoT moyvanilia miRebuli Sedegebi.  
 
 
 
 
 
 
 

eleqtronuli mowyobilobebi 
 

$3.1 wrfivi talRgamtari 
   

fotonuri kristalebis bazaze SeiZleba damzaddes talRgamtari. 
amisaTvis kristalSi unda amoviRoT  ramdenime perioduli wyeba nax. 3.1-ze 
warmodgenilia talRgamtaris ricxviTi da eqsperimentuli modeli. 
ricxviTi modeli iqmneba im meTodis safuZvelze, romelic zemoT iyo 
aRniSnuli. eqsperimentuli modelis dasamzadeblad aRebulia 
dieleqtrikuli fena, romelzec orive mxridan dafenilia metalis Txeli 
fena; xolo SigniT kristalur mesers qmnis liTonis Reroebi. 
talRgamtaris dasawyisSi moTavsebulia eleqtromagnituri velis wyaro, 
gamosasvlelSi ki mimRebi. xdeba eleqtruli velis amplitudis gazomva 
sxvadasxva sixSireze. mocemul struqturas aqvs gamosxivebis sakmaod 
mimarTuli diagrama (nax. 3.1). 
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 mimRebiwyaro 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

nax. 3.2: ricxviT da realuri eqsperimentis Sedareba Ria bolos mqone 
talRgamtarisTvis. naxazze mocemulia talRgamtaris kveTisTvis  
eleqtruli velis sixSireze damokidebuleba  diapazonSi  1.95 GHz - dan 3.0 
GHz - mde 
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nax. 3.2-ze warmodgenilia realuri da ricxviTi eqsperimentis Sedareba 
sixSirul diapazonSi: 1.95 GHz-dan 3.0 GHz-mde. moyvanilia mocemul 
diapazonSi realur eqsperimentze gazomili eleqtruli velis 
amplitudebis mniSvnelobebi da modelirebis Sedegad miRebuli 
mniSvnelobebis maTTan Sedareba. rogorc naxazidan Cans, damTxveva sakmaod 
kargia. cdomileba, rac naxazze Cans, gamowveulia kristalis damzadebisas 
daSveuli teqnologiuri cdomilebiT, da agreTve kristalis dieleqtrikis 
SeRwevadobis mniSvnelobebis  SerCevis sizustiT, romelic aRebuli iyo 
cxrilidan getinaqsisaTvis. 
 
 
 
 
 

 
$3.2 simZlavris gamyofi 

 
simZlavris gamyofi warmoadgens eleqtronul mowyobilobas, 

romelic axdens masSi moTavsebuli eleqtromagnituri wyaros simZlavris 
ramdenime nawilad gayofas sasurveli proporciiT. 

 

nax. 3.3 
axlo velis ganawileba k=2.3 talRuri 

ricxvisTvis 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

ganvixileT ramdenime SemTxveva, rodesac velis simZlavres vyofdiT 2 
nawilad sasurveli proporciiT. simZlavris gamyofis modelad aviReT 
dieleqtriki masSi  
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nax. 3.4 
axlo velis ganawileba k=2.3 talRuri 

ricxvisTvis 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
Setanili metaluri Reroebis perioduli struqturiT, romlis 
perioduloba darRveulia ise, rom kristalSi gvaqvs erTi  
Semavali da ori gamomavali arxi (nax. 3.3) A[10].  
   erT-erT rezonansul sixSireze (k=2.3) gamoviTvaleT axlo velis 
ganawileba, romelic warmodgenilia nax. 2.1 -ze. rogorc naxazidan Cans, 
arxSi gamavali velis amplitudebs Soris Tanafardoba 1-is tolia. es imis 
maniSnebelia, rom aRniSnuli kristali masSi moTavsebuli wyaros velis 
energias arxebSi yofs Tanabar nawilebad. Tanabari gayofa miviReT imis 
gamo, rom kristali X RerZis mimarT simetriulia. imisaTvis rom miviRoT 
velis simZlavris sxva proporciiT gayofa, kristalis struqtura unda 
Seicvalos. simZlavris gamyofi efeqturad muSaobs kristalis rezonansul 
sixSireze, amitom yoveli axali struqturisTvis saWiroa Sor zonaSi 
gadasxivebuli velis energiis sixSireze damokidebulebis grafikis ageba, 
romelic rezonansuli sixSiris gamovlenis saSualebas mogvcems. rodesac 
nax. 3.3 –ze warmodgenil kristalSi SevitaneT damatebiT 2 elementi, 
rogorc es nax. 3.4-zea naCvenebi, kristalis Tviseba Seicvala, rac 
gamoixata imaSi, rom miRebulma kristalma mogvca masSi moTavsebuli 
wyaros energiis gansxvavebuli TanafardobiT gayofa (nax. 3.4) 
[10].Aeleqtromagnituri velis wyaros modelad aRebuli gvaqvs wertilovani 
wyaro, romelic SegviZlia movaTavsoT kristalSi nebismier adgilas. 
ganxiluli Sedegebidan naTlad Cans, rom kristalis struqturis SecvliT  
SegviZlia miviRoT gayofis nebismieri, sasurvel Tanafadoba. mocemul 
Tanafardobaze gavlenas axdens dieleqtrikSi Setanili metalis Reroebis 
radiusis cvlilebac. rezonansuli sixSire nax. 3.3-ze mocemuli 
SemTxvevisTvis igivea rac wina SemTxvevaSi, rac imas niSnavs, rom 
kristalSi 2 elementis Camatebam mniSvnelovnad ar Secvala kristalis 
rezonansuli maxasiaTebeli, romelic Sor zonaSi gadasxivebuli velis 
mniSvnelobisTvisaa aRebuli. Tumca axlo zonaSi man mogvca sasurveli 
Sedegi, anu velis simZlavris sasurveli TanafardobiT gayofa. 
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   simZlavris sxvadasxva TanafardobiT gayofa miiRweva eleqtromagnituri 
velis wyaros sixSiris cvlilebiTac, am SemTxvevaSi kristalis geometrias 
ar vcvliT. gamyofisaTvis SevarCieT nax. 3.5-ze mocemuli kristali. masSi 
arxebi arasimetriuladaa ganlagebuli, rac ganapirobebs wyaros energiis 
araTanabar gadanawilebas. avageT orive Aarxis gamosasvlelze 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

nax. 3.5   
axlo velis ganawileba kristalSi 

a) k=2.6 64% 36% b) k=2.54 50% 50% c)k=2.32 30% 70% 

 
konkretul wertilebSi velis mniSvnelobebis sixSiruli maxasiaTebeli,  
ramac saSualeba mogvca migveRo velis energiis gayofis sasurveli 
Tanafardoba, rac naTlad Cans sur. 3.5-ze grafikidan. avirCieT 3 
gansxvavebuli sixSire, romlebzedac arxebSi gvaqvs velis suraTze 
moyvanili TanafardobiT gayofa (sur. 3.5). [10] 

 
 
 
 
 
 
 

$3.3 sixSiruli filtri 
 
sixSiruli filtri warmoadgens mowyobilobas, romelic ganasxvavebs 

garkveul sixSireebs da maT mimarTavs gansazRvruli mimarTulebiT. wina 
SemTxvevis msgavsad, aviReT kristali 1 Sesavali da 2 gamosavali arxiT. 
saWiroa SeirCes iseTi struqtura, romelic erTi garkveuli sixSiris 
wyaros energias mimarTavs pirvel gamosaval arxSi, xolo sxvas meoreSi. 
filtraciis dros, ra Tqma unda  garkveuli energia meore arasasurvel 
arxSic vrceldeba, magram man ar unda gadaaWarbos gansazRvrul 
mniSvnelobas.  
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nax. 3.6 
fiqsirebul wertilebSi velis amplitudebis 

sixSireze damokidebuleba 

nax. 3.7-ze warmodgenilia kristalis geometria.  mocemuli 
kristalisTvis TiToeul gamomaval arxSi velis amplitudis sixSireze 
damokidebulebas aqvs nax. 3.6 saxe. mocemuli grafikebidan avarCieT 
sixSireebi, romlebzedac arxis gamosasvlelebs Soris velis amplitudis 
maqsimaluri gansxvaveba gvaqvs (arCeuli sixsireebi Seesabameba filtraciis 
sixSireebs). am sixSireTaA Sesabamisi  k=2.6 da k=2..2 talRuri 
ricxvebisTvis  velis ganawilebas kristalSi aqvs (nax. 3.8 a,b) saxe, rac 
imis maniSnebelia, rom am sixSireebisTvis  xdeba talRis filtracia.  
naxazze naTlad Cans, rom k=2.6   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

nax. 3.7 
kristalis forma 

nax. 3.8 
axlo velis ganawileba kristalSi 

a) k=2.6  b) k=2.2 
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SemTxvevaSi energiis mniSvnelovani nawili vrceldeba pirvel arxSi, xolo  
k=2.2 SemTxvevaSi meore arxSi. SesaZlebelia SeirCes sxva struqturebic 
filtrisaTvis, romelic sxva sixSireebze imuSavebs. aseve SesaZlebelia 
kristalSi gakeTdes 3 gamosavali arxi, rac saSualebas mogvcems sami 
sxvadasxva sixSiris sasurvel arxSi gadacemas. 
 

$3.4 simZlavreTa  Semrevi 
     

fotonuri kristalebis bazaze SeiZleba SemuSavebul iqnas agreTve 
simZlavreTa Semrevi. Semrevi warmoadgens mowyobilobas, romelic axdens 2 
an ramdenime wyaros energiis Serevas.A        
    Cven ganvixileT Semrevis nax. 3.9-ze warmodgenili varianti, rodesac 
kristalSi gakeTebulia 2 Sesasvleli da erTi gamosasvleli arxi. pirvel 
2 arxSi vaTavsebT 2 sxvadasxva energiis wyaros da kristali 
uzrunvelyofs maT Serevas, anu defeqtebi isea ganlagebuli, rom 
gamosavalze miiReba am ori  wyaros jamuri veli. 
 

nax. 3.9 
kristalis geometria da axlo velis ganawileba 

kristalSi k=2.2 talRuri ricxvisTvis 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 
   Tu aviRebT sxva sixSiris wyaroebs, maSin saWiro gaxdeba defeqtebis 
ganlagebis sxva konstruqciis SerCeva. SesaZlebelia agreTve sami da meti 
wyaros energiis Sereva. amisaTvis unda SeirCes Sesabamisi kristali masSi 
defeqtebis saWiro konfiguraciiT. 

 
 

$3.5 cirkulatori 
     

cirkulatori warmoadgens mowyobilobas, romelic mimarTulebas 
ucvlis eleqtromagnituri velis wyaros energias. Tavdapirvelad 
ganvixileT kristalis oTxkuTxa forma, masSi vakeTebdiT sam arxs. 
cirkulatoris  
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nax. 3.10 

 kristalis geometria  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
bunebidan gamomdinare pirvel arxSi moTavsebuli wyaros energia unda 
gadaeces meore arxs, meore arxSi moTavsebuli wyaros energia mesames, 
xolo Tu wyaros mesame arxSi movaTavsebT, maSin veli pirvel arxSi unda 
gavrceldes.  kristals miveciT samkuTxa forma, rogorc es nax. 3.10-zea 
naCvenebi da masSi metaluri Reroebi ganvalageT heqsagonalurad. 
  mocemuli kristali imiTac aris saintereso, rom is misi  
 
 

nax. 3.11 

 axlo EE velis ganawileba 

cirkulatorSi 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
centris mimarT simetriulia da amitom man unda imuSaos rogorc 
cirkulatorma: kristalma unda gadaces pirveli arxidan velis meore 
arxSi energia, maSin avtomaturad Sesruldeba danarCeni pirobebic misi 
simetriulobis gamo. moyvanili mosazrebis dasadastureblad daviwyeT 
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mocemul kristalis gamokvleva. movaTavseT pirvel arxSi wyaro da 
sxvadasxva sixSireze vakvirdebodiT axlo velis suraTs. garkveul 
sixSiridan, pirveli arxidan meoresa da mesameSi gadacemuli velis 
energiis Tanafardoba iwyebs zrdas da rezonansul  sixSireze TiTqmis 
mTeli energia meore arxs gadaecema. mocemuli SemTxvevisTvis axlo velis 
ganawileba mocemulia nax. 3.11-ze. naxazze Cans mesame arxSi velis 
garkveuli raodenoba,Omagram is mdgari talRis saxiT aris da amitom am 
mimarTulebiT velis energiis gavrceleba ar xdeba.E   
Semdeg wyaro movaTavseT III arxSi ( nax. 3.12 ). rogorc mosalodneli iyo 
velis energia gadaeca I arxs. nax. 3.13-ze mocemulia axlo velis suraTi da 
masze naTlad Cans, rom velis ganawileba nax. 3.11-ze ganxiluli SemTxvevis 
simetriulia. dadebiTi Sedegi miviReT mesame SemTxvevaSi, roca wyaro 
moTavsebulia meore arxSi. 
 

 

 

 

 

nax. 3.12 

 kristalis geometria  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
   im faqts rom veli vrceldeba ZiriTadad erT arxSi, ganapirobebs is, 
rom cirkulatoris centrSi moTavsebulia samkuTxa obieqti. rodesac 
talRa mas 2 sxvadasxva mimarTulebidan uvlis, talRebi xvdebian srul 
sawinaaRmdego fazaSi da erTmaneTs aqroben. fotonuri kristalis bazaze 
savaraudoa agreTve sxva konfiguraciis cirkulatoris damzadeba. masSi 
metaluri Reroebi SeiZleba ganlagdes sxva formiTac. miRebul Sedegze 
gavlenas moaxdens maTi radiusis regulirebac.  
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nax. 3.13 

 axlo EE velis ganawileba  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
mocemuli kristalis bazaze damzadebul iqna cirkulatoris prototipi. is 
warmoadgens dieleqtriks, romelzec 2-ive mxridan dafenilia metaluri 
fena da masSi mesers qmnis liTonis wvrili Reroebi. liTonis fenebi, 
romelic metalze 2-ive mxridan aris dafenili, uzrunvelyofs velis 
sarkisebur arekvlas, da amiT is Tavisi TvisebebiT emsgavseba 2 
ganzomilebian fotonur kristals.  mas aqvs nax. 3.14-ze naCvenebi saxe: 
 
                                    

nax. 3.14 
cirkulatoris prototipi 
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Catarda realuri eqsperimenti cirkulatoris mocemul prototipze; 
Semowmda Tu ramdenad gansxvavdeba cirkulatoris meore da mesame 
gamosasvlelze velis amplituda, rodesac kveba miewodeba pirvel 
Sesasvlels. aigo sixSiruli maxasiaTebeli, romelsac aqvs Semdegi saxe 
(nax. 3.15). nax. 3.16-ze warmodgenilia cirkulatoris gamosasvlelze 
arekvlis koeficientis sixSiruli maxasiaTebeli. 
 
 

normalizebuli E velebi 

7400 7500 7600 7700
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talRuri ricxvi 
 nax. 3.16 

nax. 3.17 
fotonuri kristali, rogorc antena 

 
 
 
 
 

nax. 3.15. cirkulatoris meore da mesame 
arxis gamosasvlelebze velis amplitudis 

sixSiruli maxasiaTebeli, roca kveba 
miewodeba I arxs 

cirkulatoris gamosasvlelze arekvlis 
koeficientis sixSireze damokidebuleba 

12s -Seesabameba pirvel arxs 

22s -Seesabameba pirvel arxs 

32s -Seesabameba pirvel arxs 
 

 
 
 
 
 
 
 

$3.6  antenuri struqturebi 
      
fotonuri kristali SeiZleba gamoyenebul 
iqnas rogorc mimarTuli gamosxivebis 
mqone antena. avirCieT wriuli formis 
kristali  (nax. 3.17), romelSic kristalis 
centris mimarT simetriulad 
moTavsebulia sami gamomsxivebeli. samive 
gamomsxivebels aqvs erTnairi sixSire. 
rodesac maTi fazebi erTnairia, antena 
asxivebs yvela mimarTulebiT kristalis 
simetriulobis gamo. sakmarisia vcvaloT 
maTi fazebis Tanafardoba, rom garkveul 
konkretul SemTxvevaSi miviRoT 
mimarTuli gamosxiveba rogorc es nax. 3.18 

zea mocemuli. mocemuli antena xasiaTdeba im TvisebiTac, rom masSi 
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moTavsebuli wyaroebis fazaTa garkveuli kanonzomierebiT cvlilebisas 
SeiZleba misi gamosxivebis mimarTulebis Semotrialeba 360 gradusiT. nax. 
3.18-ze naCvenebia antenis gamosxivebis diagrama sam sxvadasxva SemTxvevaSi.  
 
 

nax. 3.18 
gamosxivebuli velis diagrama fotonuri kristalisTvis  

(rogorc antena) 

 
 
 
 
 
 
 
 
 
 
 
 
aseTi tipis antenebi gamoiyeneba garemos  skanirebisaTvis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
misi damzadeba sakmaod martivia da aRar aris saWiro uzarmazari antenebis 
gamoyeneba igive miznebisTvis. aseTi antena aRar saWiroebs Semotrialebas,  
radgan maTi gamosxivebis  mimarTulebis cvla xdeba eleqtronulad.   
aseTi tipis antenas SeiZleba hqondes marTkuTxa formac. nax. 3.19-ze 
gamosaxulia erT-erTi aseTi SemTxveva. rogorc naxazze Cans, masSi 
moTavsebulia 2 wyaro. antena iZleva mimarTul gamosxivebas da saWiroa am 
mimarTulebis marTva  wyaroTa fazebis cvlilebis saSualebiT. Cven 
gamovikvlieT mocemuli kristali da garkveul (kristalis parametrebis 
mixedviT) sixSireze miviReT sasurveli suraTi. Dnax. 3.20-ze gamosaxulia 
axlo velis ganawileba, rodesac wyaroebis fazaTa Tanafardobaa 0:80 am 

nax. 3.19 
kristalis geometria masSi moTavsebuli 2 wyaroTi 
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dros antenis gamosxivebis mimarTuleba Semotrialebulia 45 gradusiT X 
RerZis mimarT marjvniv.  nax. 3.21–ze mocemulia Sesabamisi gadasxivebuli 
velis diagrama. [12] 
 

 

 

 
nax. 3.21 

gadasxivebuli velis diagrama  

nax. 3.20 
 axlo velis ganawileba kristalSi 
wyaroTa fazebis Tanafardobisas  

0 : 80 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Tu daviwyebT fazaTa Tanafardobis cvlilebas, antenis gamosxivebis  
mimarTuleba daiwyebs Semotrialebas da fazaTa Tanafardobis 80 : 0 
SemTxvevaSi  axlo velis ganawilebas eqneba  nax. 3.22-ze mocemuli saxe; 
xolo gadasxivebuli velis diagrama ki warmodgindeba nax. 3.23 saxiT. 
rogorc nax. 3.23-ze Cans veli Semotrialda 90 gradusiT marcxniv. nax. 3.24-
ze mocemulia axlo velis ganawileba antenuri struqturisTvis, romelsac 
rogorc 

nax. 3.23 
gadasxivebuli velis diagrama  

nax. 3.22 
 axlo velis ganawileba kristalSi 
wyaroTa fazebis Tanafardobisas  

80 : 0 
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naxazze Cans, gamosasvlelze aqvs Semkrebi linzis forma, rac  
uzrunvelyofs mis mimarTul gamosxivebas.  mocemuli antenisaTvis 
gadasxivebuli velis diagrama mis rezonansul sixSireze mocemulia sur. 
3.25-ze. aseTi tipis struqtura aRsaniSnavia imiT, rom  linzis radiusis 
cvlilebiT 
 

nax. 3.25 
gadasxivebuli velis 

r m

 

nax. 3.24 
 axlo E velis ganawileba  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
SeiZleba antenis gamosxiveba gavxadoT ufro mimarTuli.  
    ganvixiloT kidev erTi antenuri struqtura, rodesac kristalis orive 
gverds aqvs linzis forma. misi geometria mocemulia nax. 3.26-ze. 
mosalodnelia, rom mocemulma struqturam  
 
 

nax. 3.27 
 axlo EE velis ganawileba  

 

nax. 3.26 
 kristalis geometria  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
unda mogvces mimarTuli gamosxiveba, rasac adasturebs nax. 3.27, romelzec 
mocemulia axlo velis ganawileba erT-erT rezonansul sixSireze. Sor 
zonaSi gadasxivebuli velis diagrama gamosaxulia nax. 3.28-ze. [14] 
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nax. 3.28 
 gadasxivebuli velis diagrama  nax. 3.29 

 kristalis geometria  

 
 
 
 
 
Cvens mier ganxilul wina SemTxvevebSi kristalis dieleqtrikuli 
SeRwevadoba meryeobda 4 – 9  SualedSi.  axla ganvixiloT SemTxveva, roca 

100=ε . kristalis geometrias aqvs nax. 3.29 saxe. gamovikvlieT mocemuli 
struqturis kristali, sxvadasxva sixSireze vakvirdebodiT velis 
yofaqcevas axlo zonaSi da vipoveT sixSire, romelzec antenas hqonda 
mimarTuli gamosxiveba.  axlo velis ganawileba mocemuli SemTxvevisTvis 
naCvenebia nax. 3.30-ze, xolo gadasxivebuli velis diagrama nax. 3.31-ze. 
rogorc am naxazebidan Cans antenis gamosxiveba sakmaod mimarTulia da X 
RerZis mimarT simetriulia, radgan kristalSi moTavsebuli orive wyaros 
fazebi erTmaneTs emTxveva. Tu maTi fazebis Tanafardobas SevcvliT, maSin 
gamosxivebis mimarTuleba daiwyebs Semotrialebas rogorc erTi ise meore 
mimarTulebiT, rogorc es wina SemTxvevebSi iyo ganxiluli. 
 

 

sur. 3.31 
 gadasxivebuli velis diagrama 

 

sur. 3.30 
 axlo EE velis ganawileba  
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   Cven ganvixilavdiT 2 ganzomilebian SemTxvevas. dieleqtrikSi Setanili 
iyo usasrulo sigrZis gamtarebi. ra Tqma unda teqnikurad amis 
uzrunvelyofa SeuZlebelia. aseTi saxis mowyobilobebis dasamzadeblad 
iReben dieleqtriks, romelSic Setanilia metalis garkveuli sigrZis 
Reroebi da dieleqtriki orive mxridan ifareba metaluri firfitebiT, 
romlis maekranirebeli xasiaTi qmnis kristalSi usasrulo metaluri 
gamtarebis efeqts. misi kveba SesaZlebelia masSi Seyvanili kabeliT, 
romelic SeerTebulia  eleqtromagnitur talRebis generatorTan. 
fotonuri kristalebis bazaze aseTi saxis mowyobilobebis damzadeba 
sakmaod martivia.   
 

 
 
 
 

3.7 integraluri sqema fotonuri kristalis bazaze 
   

 mocemul paragrafSi ganvixilavT fotonuri kristalis bazaze 
damzadebul integralur sqemas, romelic warmoadgens xelsawyos 
dieleqtrikis zedapiris distanciuri gamokvlevisTvis. mis blok sqemas 
aqvs Semdegi saxe nax.3.32: 
 

cirkulatori gamyofi 

Semrevi 

analizatori 

antena 

wyaro 

gamosakvlevi 
obieqti 

nax. 3.32 
integraluri sqemis 

bloksqema 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
eleqtromagnituri velis wyarodan energia miewodeba simZlavreTaA 
gamyofs; nawili energiisa midis analizatorSi da asrulebs sayrdeni 
signalis rols; nawili ki Sedis cirkulatorSi da misi gavlis Semdeg 
miewodeba wveTis formis antenas, saidanac es energia gamosxivdeba 
Tavisufal sivrceSi. Tu mocemul mowyobilobas mivuaxlovebT raime  
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obieqts, romlis gamokvlevac gvinda, nawili antenis mier gamosxivebuli 
energiisa airekleba mocemuli obieqtdan da dabrundeba isev mocemul 
mowyobilobaSi antenis gavliT, romelic muSaobs agreTve rogorc mimRebi. 
Semdeg es energia Seva cirkulatorSi da iqidan SemrevSi, romelSic 
sayrden siganals Seereva da miewodeba analizators, romelic moaxdens 
mis analizs. Cven movaxdineT mocemuli xelsawyos modelireba fotonuri 
kristalis bazaze da mas aqvs nax. 3.33-ze warmodgenili saxe: 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

$3.8 qarxnuli damzadebis sizustis modelireba 
   

rogorc cnobilia, SeuZlebelia qarxanam sruli sizustiT daamzados 
esa Tu is mowyobiloba. amasTanave metad mniSvnelovania gamokvleul iqnas 
Tu rogor aisaxeba qarxnuli uzustoba xelsawyos muSaobaze. am mizniT 
Cven davamodelireT es uzustobebi. kerZod, mesris elementebis zomas da 
mdebareobas miveciT SemTxveviTi wanacvlebebi da vnaxeT wonasworobis 
mdebareobidan gadaxris ra procentuli raodenobisTvis aris mdgradi esa 
TuU is mowyobiloba. gamovikvlieT 2 SemTxveva: fazirebuli antenisa da 
cirkulatoris sxvadasxva procentuli uzustobebisTvis. nax. 3.34-ze  
warmodgenilia maqsimaluri gadasxivebuli energiis sixSiruli 
maxasiaTebeli damzadebis sxvadasxva sizustisTvis fazirebuli antenis 

 
antena 

analizatori 

nax. 3.33 
integraluri sqemis geometria (marcxniv) da masSi E velis 

ganawilebis suraTi (marjvniv) 
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dros; nax. 3.35-ze ki velis mniSvnelobebis sixSiruli maxasiaTeblebi 
cirkulatoris gamosasvleli arxis 2 sxvadasxva wertilSi damzadebis 
sizustis sxvadasxva SemTxvevebisTvis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

F 
nax. 3.34 gadasxivebuli energis 

talRur ricxvze damokidebuleba 
fazirebuli antenisqarxnuli 

damzadebis sxvadasvxa sizustisTvis. 

 
W/m 

14 14.5 15 15.5 16 16.5

 
 
 
 
rogorc naxazebi gviCvenebs mocemuli mowyobilobebi mdgradobas 
inarCuneben manam, sanam damzadebis uzustoba  ar gadaaWarbebs 10%-s. 

daskvna.  
_ gamokvlevebma gvaCvenes, rom fotonuri kristalebis bazaze 

SesaZlebelia Seiqmnas iseTi mowyobilobebi da elementebi, rogoricaa 
cirkulatori, sixSiruli filtri, talRebis gamyofi, Semrevi da  antenuri 
struqturebi.  

_ Seiqmna programuli paketi, romelic saSualebas iZleva:  
a) gamovikvlioT nebismieri formis, zomis da struqturis fotonuri 

kristali;  
b) vcvaloT kristalis dieleqtrikuli SeRwevadoba: 
g) kristalSi moTavsebul periodul struqturaSi SevitanoT 

nebismieri formis defeqti; 
d) kristalSi ganvalagoT sasurveli raodenobis eleqtromagnituri 

velis wyaro; 
e) vcvaloT sixSire;  
v) TiToeuli  SemTxvevisTvis SeiZleba gamovsaxoT axlo velis 

ganawileba da avagoT Sor zonaSi gadasxivebuli velis diagrama;  
z) kristalis sasurvel wertilSi velis mniSvnelobis sixSireze 

damokidebulebis grafiki.  

0.05

0.1

0.15

Wavenumber

Maximum radiation value

2% 
5% 

10% 

0.2

talRuri ricxvi 

maqsimaluri gadasxivebuli energiaa 

talRuri ricxvi 

nax.3.35 cirkulatoris 2 sxvadasvxa 

wertilSi zE   

velis mniSvnelobebis sixSireze 
damokidebuleba qarxnuli damzadebis 

sxvadasxva sizustisTvis. 
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T) programuli paketis saSualebiT SesaZlebelia movaxdinoT 
nebismieri mesris safuZvliani Seswavla realur droSi, rasac praqtikuli 
ganxorcielebisaTvis aramarto didi droiTi, aramed mniSvnelovani 
materialuri xarji dasWirdeboda.   

_ Catarda realuri eqsperimenti; moxda realuri da ricxviTi 
eqsperimentis monacemebis Sedareba; gansxvaveba am monacemebs Soris ar 
cildeba normis farglebs.  

_ gaTvaliswinebulia qarxnuli damzadebis sizustis 
SemosazRvruloba da naCvenebia rom mowyobilobebi inarCuneben mdgradobas 
normidan maqsimum 10% gadaxris SemTxvevaSi.  
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