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Abstract
Barabash M.YuDevelopment of bases of formation of functional nanomaterials
with solidification of templates Manuscript.
Dissertation for the degree dafoctor of technical sciences in specialty
05.16.011 iMet al | ur gy and headt1l31t Meslanicae n t
Engineering)- Nat i onal Techni cal Uni versity

Polytechnic I @®stituteo, Kyiv, 202

This dissertationis devotel to the solution of an important scientific and
technical problem the development and fabrication of plasmon resonance
platforms for sensorics, photonics, optoelectronics and biomedical applications.

The problem is solved by developing a technologyttiermanufacture of
nanostructured metalielectric substrates for optical sensors; the effect of this

technology is manifested in a significant signal amplification in the studies of
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visible absorption and Raman scattering in the analytes adsorbed amféoe s
of nanostructures.

The study of this problem is necessary and important both for solving a
number of fundamental and applied problems in the physical materials science,
and for further practical application of the obtained results in the modern
nandechnologies. The generalization and critical analysis of these developments
contribute to the development of technology for obtaining nanostructures in
order to optimize and predict their properties.

A new approach to the technology of manufacturing tategl based on
the localized bulk charge of a dielectric layer, including vacuum coating of
metal thin films, is proposed. The obtained compositions with a given topology
of bulk charge allow to affect the optical and electrical properties of these
objects,the technology of formation of which consists in creating nanosized
active structures based on thin layers of carbon, metal, -ohetattric or
amorphous molecular semiconductors (AMS) by means of multibeam
electrophotophysical process. The template ltmpois programmed by the light
field intensity. In electrostatic templates, the source of the inhomogeneous
electric field is the surface relief (at a uniform surface charge density); for
smooth surfaces the inhomogeneity is initiated due to the modusdatéace
charge density or modulated bulk charge. The templates of the latter type are
electrets.

The relief and field topologies of the template surface are formed during
the electrophotographic process by exposure to light field. The template size is a
few square centimeters. A wide range of organic and inorganic compounds can
be deposited on the surface of the electret template in vacuum from gas or liquid
phases. The thickness of the substance layer;asefimbly of which is
effectively controlled by lectrostatic charges near the template surface, is
determined by shielding conditions and ranges from several hundred nanometers

for dielectrics to tens of nanometers for metals.
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A technology of manufacturing nanostructured mdtalectric substrates
for optical sensors is developed, the effect of which is manifested in a significant
signal amplification in the studies of visible absorption and Raman scattering in
the analytes adsorbed on the surface of nanostructures.

A composite controlled template corrgad of a transparent substrate (d =

3 mm, 4640 mm), amorphous molecular semiconductor (ARMNXK, d = 1
eEm) , and met a<l100inm) isgdevelapedf Tihé mech@nisms of its

formation in the electrophotographic process are determined. It is shawheha
relief and field topologies of the template are determined by the light field. The
formation of electric charge in the AMS volume occurs as a result of
polarization of the AMS under heating in the electric field of surface charges.
Selective depositin of gold on the AMS surface is found out. The electret
temphte with organized structure (period110 & m, k3@0l nmg s 3.
characterized by bulk charge with an electric field of ~ 20 MW/m. The spatial
capacity of the template depends on the volume charge of the AMS and is
approximately 30 nm. It is determinég the average size of the gold aggregate
during deposition. The average aggregate consistsbaidhoclusters of-8 nm

size in the PVK matrix. The maximum capability of the template is limited by
the gold nucleus size of 1.6 nm.

VUP-5M vacuum universapost was modernized and computerized. A
software (Delphi 7) for controlling the process of thermal deposition of metal
and AMS films is developed. The system for PC registration of film deposition
parameters is developed. Réiale measurements of the teenpture, thickness,
optical density and electrical conductivity of films are proposed, which provides
obtaining films with reproduced parameters.

The mechanism of ordering in the gdt¥K system during thermal
deposition in vacuum on the template surfacslves the transport of charged
or polarized nanwobjects and the formation of phases on the surface in an
ordered electric field of E = 20 MW/m. The transport of a pair of adatoms in a

local electric field near the AMS surface is performed due to elaottc
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effect. As a result, the adatoms acquire dipole moments which draw atoms and
nanoparticles during deposition into the template areas with electric field
gradient. This leads to the transport of adatoms to those areas of the surface
where the charge localized, and solid phase forms from the vapor there.

It is shown that the adatoms of gold nuclei make up a significant fraction
of the total number of atoms. It is determined that after the condensation from
the vapor the gold nanoclusters are imilijstate, and their movement along the
AMS surface and the formation of aggregates of nanoclusters (aggregation)
occur. This process occurs under the action of the electrostatic field of ions
localized in the dielectric polymer matrix. The influence & glectric field on
the nucleation during deposition of gold on AMS is shown. This occurs both at
the stage of growth of nuclei due to the transfer of atoms on the surface and in
the solid phase of AMS, and as a result of the transport of componentgjasthe
phase in the electric field of the template. As a result, there is a selective
nucleation and growth of gold nanoparticles on the AMS surface with a size
exceeding 10 nm.

A platform for sensorics based on thin layers of amorphous carbon on
copper is dveloped with the implementation of double amplification as a result
of the effect of charge transfer and the local field increase. Thin films of
amorphous carbon with copper sublayer on a glass substrate, which have
plasmonresonant effects, are fabricdte The composition, structure and
morphology of these films are studied using the methods of Raman and
adsorption spectroscopy in the visible range. It is found out that the obtained
spectra characterize the structure of the film as amorphous one.

A techngue for identification and control of the properties of optical
resonances of thin metallic films is developed. The optical resonances of the
films deposited on glass are identified by comparing the absorption spectra and
Raman spectra at different wavedéims of exciting light. The sample with the

largest amplitude of the Raman signals had the maximum value of optical
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resonances. This allows to diagnose the metallic films in which the plasmon
effect is present.

It is shown that photoinduced changes of-tleermal nature occur in the
thin films of amorphous carbon under the action of light appropriate for Raman
scattering, which are accompanied by changes in color, size and shape of the
exposure spot. This effect is caused by change in the structure ifntharid is
associated with the manifestation of multiphoton absorption. It allows to control
the resonant characteristics of the films using the light field of Raman scattering.
This effect can be used for development and production of devices for
information recording.

A technology of obtaining plasmon nanomaterial based on thin layers of
copper and amorphous carbon with a layer of metallophthalocy4Gine
g: FJiym) is developed. It I s shown t h:
films of copper, amorphous matrix-(& and nanoclusters FePc as an analyte
provide a tenfold increase in the Raman spectrum and a wide band of the
absorption spectrumdm 300nm to 560nm. The technique of visualization of
plasmon properties in a metdielectric composite using photoluminescence of
a glass substrate together with absorption and Raman spectra is demonstrated.
The effect of light allows to control the maitude and band of resonant
properties of this composite. The obtained metallic films can be used for a
targeted improvement of the surfaeehanced Raman spectroscopy (SERS).

An adaptive system for recording optical information in real time with
registerng the parameters of template formation on a PC is developed. The
adaptive properties of the system are provided by controlling the change in the
surface potential of the amorphous molecular semiconductor during its heating.
Computer software of digital, dtographic and speckle interferometry for
construction of a phase portrait of samples is developed. A criterion of quality of
the surface of samples, i.e. the value of dispersion of its phase portrait, which
essentially reduces the volume of work on thentdication of holograms, is

proposed.
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For the first time, a mechanism for forming a cluster structure of a
composite based on the AMf®ld system is proposed. This mechanism is
manifested in the formation of volume charge in the AMS, selective deposition
of gold in accordance with a given topology of template light field. It is
determined that the nuclei formed on the surface of polymer matrix are in liquid
state. It is found out that gold particles which remain in the liquid state can move
along the polyner matrix, softening it, at a distance of up to 30 nm. It is
demonstrated that by adjusting the volume and location of charged impurities by
means of AMS volume charge, it is possible to control the location of gold
clusters and their aggregates in thegske.

A method for identifying optical resonances in thin metallic films is
developed. Optical resonances are identified by comparing the absorption
spectra and Raman spectra at different wavelengths of exciting light. Among the
samples with close level absorption, the sample with the highest amplitude of
Raman signal had the maximum value of optical resonances. As a rule, these
films change the color and Raman spectrum under the impact of exciting light.

On the base of thin films of amorphous carborhveitcopper sublayer on
a glass substrate, nanomaterials with phiotluced structure, which have
plasmon resonance effects, are developed. The composition, structure and
morphology of thin films (eC), (aC:Cu) on a glass substrate and on a copper
sublayerare studied, using the methods of Raman and adsorption spectroscopy.
It is determined that the obtained spectra characterize the structure of the films
as amorphous. An adaptive system for -temk registration of optical
information by changing the sade potential of electric charge during heating
of an amorphous molecular semiconductor is developed. The parameters of the
registration process are visualized by the PC control module.

Software for processing digital speckle interferometry and holographic
interferometry for the construction of phase portrait of the samples is developed.
Such criterion for surface quality as the value of dispersion of the sample phase

portrait is determined.
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The practical significance of the obtained results is a develepbdology
for obtaining an electret template with high spatial capacity in the form of a
composite system consisting of metal thin films and amorphous carbon in the
crystalline phase. These objects due to their unique properties that can be controlled
by the spatial topology of the optical field, are promising material for sensors,
optoelectronics, computer technology, etc. The present work also presents the
developing a method for identifying optical resonances of thin metal films on a
dielectric substit&, which allows to determine them in real time without the use of
analytes. Such films are widely used in mieend nanoelectronicparticulary in
the technique of Surface Enhanced Raman Spectroscopy (SERS), which allows to
observe individual moleculeand nanoparticles. In addition, they are used in the
production of semiconductors, biand medical technologies, photonics.
Key words: nucleation, phase formation, thermal sputtering, nanocomposite,
nanoclusters, electret templates, amorphous carbarijlth, electrophotographic

method, Raman scattering, plasmon resonance.
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bPlsotstej dgdz? Gt lstedudzsets tojdzt “ Wk ftso
fnd dz. 1 OHOYO ftots L dzZORtsHY j dadz? totsL f sH ' d
g ed3tsf dzOMmisdydaj MjtejHtsoadh j Mddz M stedlz dz
o O0dzOdz' L. HdWEkL " 2ddr ftetsydim' & tesBdls:
Mststesdadz 7 jdzj Slstedyudeds LOBYH' &8 ' flst
HjlsOdz degsets OdzOdz' Lk | dzj S Isted ydilsstists ts fiztzd
LOWHOR] Isj &3 &zOlsk § ‘1476 tcg Hzf bk % P&k S 8
dzO sftse dzd o sfls HdfMdtf Olsd o dzd = ftetsyj
dzj Hj W stcd3tso Odzats © ftseo jton daj ® H' j dzj Clsted
Mjjnsodh O kjlsOdjodr d&OdsS zOMmisj ' o .

3.5. [ dzj Sdsjtc gy dgjs I teso ' Hdes B Isj &3 &zOls®

[ sfpdz" HY jd20 JtedtesHO o dded $C dzgj dedzy totsL f |
fsf jtojrHde 5 t' odesd3 tedzts jdzj Slstedydets L Ots
h Otclz ' H H' ' 8 ftiosMisstctso s dzj tSH dztst
o df esd3’ dz¥ o Odzdz" . wddls j dz2fips] o dzshpldslz © 9y ofiy Ws dz
fse j ton dz h Otz " dzlsjteW jtejdzy' 2dz 2 C Otsls
L OC sldiggl+tmecosKx)). 1 Oo HW Sl s tctso ' H dzgsMmis”’ h Otclz
fesls® CO° Cte' L ¢ dz' ts @ ti3dad @ = Q¥ ls CI9O A W dztdf
1 Of ts{ dzj dz' desfiglz & IsiL Ol ls B tistwe d 26 diglzdi &z dz
L OteW H

Y- yd)
D

y

1(xy)= 4 MM Kxpsm ) f (3.1)

10 o' dzt dzg' 2 YS9 ten dz LOdzdM O° s MW BB HE
ftsojtcmndzl ©d2 L OtGW H.
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G%=), Gm,1 Kx, (3.2)
Hijs T fesMissse O YOfsslsO dsHiz,day, Yh) i Mo
o) dzd yddz® sHEdvy'® ckfsddd B8O ddzsa

LOtewwylz, jWJjCIlsdoe dzO G dzd B d dzO dzs ¢ Odzbt OyY*
HdMYy jtem' v tosL fsevVdzk &BH! 3@ oSt BOh 51
GteOdzdy* M Oejiztg §f jodzHnd ¢ DdYW e dzO h Otclz .

[ dzw o dL dzOyj dzdzv H' 8 ydna dzO & @ -
f sdzH | e A3 Is tstc dzd - fnd dz, w g L OH O8 Is+ )
ddzy Slstedydzds L OGWH' 9 dzj 5B R ' -HAEG wddO 2 Is (i
- L se dz h Otlz) , hts By BRI L totsB dzj dats
tc' o dgw dz' :

< _ 3o é, = (y' d i
Dul—qldjlmf cléxs](éon+l o ¢ (3.3)
Di, =C (3.4)
. & 4, v g ..
L%gl%ﬁzo' ZQ%A - 8_ &0 ml (Kgq (3.5)

G /0= 0 /5 o (36)
i, /,_ =0, (3.7)

t " odwdzgdzg" 1 EOMMBsdZO (3. 3) kO [liAdf@kAinO
o' H tLftH' &z MmMiststesdede rv ¢ dzjffWlsdadztdadcdz
"stsfteso " Hdesets h Otk ' Mdzw 2tets j Sy s
Mo Isdzsdz. J Oz ydzO Eddsoa © (3.5) odL dzOy
LOtWHY Jdg 2 tso ten dz' , O (3.6) ®' HESB o
fJdted Isdds 5] dedgiSLiOdafvdy j des™ GcteOdzdy’' , o dteC
L OL j d3dzj dzdzV -fdise jtemdz® y =

it BLOOWLSC-3L @Oy Og'dL 20y lsisdzHdE O Iy tiste | totf mizj
Pimddz, w¢' HtwdStdzOHjd HE "N Otk OW@RstW dats
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fted 266t odS ol Qtetzks g ot siyjstcj Hiso d h
ROMlsky dzds MYy ' o9 Hdsh j dz

_ A A (y ) ®
Fun= 1o(1m ctog @om+ ko . o)
(} Q y -

— 1, — L, .
P(x) = —Zuo( 1m o &%) ( Olfézu0 Z'AD%)
0- B(=. —
2L°}) n(E)ulA:0+EﬁL|A:0) ,

HiF(XY)-9j Sltslc@azts® so j torn B9 i) § dz( O H gz@S
His Isjtedisy dzOfMlsd Yyl S s e Otalits te &3Oz’  HEs 9
sj e dzOMisd g ezl & 5 zh Olsted ydzO® 1 tetsdzd € dz' fls
h Qtels,- H' jdzj Clstedyudz® G tetsdzed S dz' fls! CtdzlsOF
MitejHsodh O.

1 20y jeded@dzj y dls! © " H dtsdzj Skdzvtoedats’™ Mist

h Qtekz, Odzj k ofm' " HwOCIsdydss * dzlsj toj Mdzd
3.

(3.9)

1LOojnHjdd Mf' o9 Hdzsh jdzde? L OHO¥Is! dzO
e zOHBso dn § Sod tAzdkE o \T OO sEEr § sdm fs
ftod S zOH jdzd R HE Wty e Hndscs h Ok s

to= 10 + f c Kx ? Rog® ) (3.10)
- Uy &g M s )@
tn - ZQ pgﬁ?} g§( K)d 1( S))}ﬁ

.. (3.11)
i:js(Kd)@s( <9- S ki g

P! —2% li(,mzu +S(K) g KY) =3 U§$ KY (3.12)

=Sk S K g e 6 BY o e e

vlzls o dQIStGO[fI’]IE@dZdZOdz@deleIZU dz’



128

S(Ky = st Ky £ Kgl - mB Ky (3.14)

Z(Kd)= {m § g.8(Kd B Kg (3.15)
y A Q _ 2 (Nﬁ
BL(Ky) = L exp(Ky)fiexp(-Ky 51 m, exgp LY )50y
i i ° ¢ P 3.16
: ; 3 -y, *)oe -
-%Oexp( Ky )NexpKy l?l M, eXpp ——— Olgly
0 é G oy
B, (Ky) dky (3.17)
S, (Ky) dky (2.18)

ltcjHMIsOo dzBdzdz8 ) ( &. Mz C {f dets i{Is3'. 2L) of @iz
odL dz20OyoOs Is! odcedzwH MmMbttotsdedze = Mddz, dzOC c

3.6. [jhOd LB HjUBtdzs Odzdz? o' dz dets’
o0 L C 5 dzd dzdzgs e 5 MlsOdzk h Otelz s j i3 dZO k2

10ct' g2 odhj IsjksfjtObkied MS dkzeo Odzdaw

o 0w L5Q 21U dzj MO Mdle v stsdz’ oM! SO to' HJdzO.
fesyjMm klottejddg tojdz ‘ Wk d&zO o' dz dg' 2 1
BjHjWsttdse Odz 15 ) diipfils | dgit 4 ) IO lsobolyeeck! iy O
(3193200 O dzj fB2)fijldz] dzdzts®  (

%+vX d& v Vi l iugc")vx, (3.19)
pt K YU} X MY
oy, 8y v Vi 140 dg, (3.20)
Mt K Yo 3 yud
Wy By g (3.21)
MX M
v.(xy,t=0) v (xy,t 8) ( (3.22)

V(xy= 4 w(xy =y 0 (3.23)
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d*kwi y—ll(xt) yi(lo =+ Xt (3.24)

X

h(x, t
P/y=h<xt)'2q% {0 :*FM“ { L % B xt (3.25)
W d \/1+au(h(x,t)
& 0
¢ X =
] s@sC 59 ° Edisoed (3. 22) 9 HYytseo HOE Is! f
MjtecjHtsoadh O Isj BB dzOIskz HB dsd3j dzalslz dzOC dzO
nd d, bssod "ftodddfOddz"” (3.23) B

HjWstoRso Odelsets MjtejHsadh O, WwWCj L dzOR SH
sfdetse ' Isj B zOk, odOL (&8s240S &, 25)
Hazw o' dz dats’ CteOded Yy dz' w(syddzvex. g € t5°

ColRf sdzj delsd ftsdzv 9 jCsEOH L& 620 -y dzth 2 +
HdzOd3" ydzO o 6 WeLlAhjIsirfise@, Stsiy W ° y* " dzls  ftse i
dzOff tolz y hj-dadgvdzd yd dz@ Eklso tstcs 9 Odzse s dz@ f tso9 j
[Y ZOf tc Qo dzj dzO L O  dzfs tc &30 dzdz® H S 9 ' dz/
MitejHso dh Od IstfashdaRd 167K OL Olsd [ 9 f OHS |

f sdztse d - Hb%%&%@d};@@ls@ dzj dz' dz’' 2 ded = ydzj dz

(3193 . 25) sy dz® LdzjSlkkkzeOld, O d& dzj Ot
GZOMIskzf des Bz o d ¢ dzW H

Wz% (Kyly’t) v amy (3.27)
w, (xyt) e, (ont) (3.28)
v(xl,D;,t:O) :v(:,y,t 8) « (3.29)

qw AR (330

W,
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XY, [,lzh X t
( ) é Xt) Fl'M ( )

h(xt)=fy (xy 0.9 d (3.32)

0 vy

P(X Y3 ) gy - 20 2 x(t (3.31)

1 tod od¢tsted Mmls Odzdz' dz' dzj Otc' L 59 Odats”’
toj dzv ‘Wz, wed?2 Elso st ' Is4 Mmw tzP H oo jOK
fteJ HMSOoadzj ?ZO E oG dzv H ' Mzddd HoOoBA HIB
IsOdzc § dzy’ 2 dzd = ud dzts tc 3O dz! dzd A C s3] tsdzj d
dzOB dzd 3 j dzdz' BEZHj B otcORtsoakzoaOld s dzr €

l1tcd o d¢ ts5dz0dzdz Z i3ts o dzV(xdlzl) Qtets ‘L LOdRgtS &
ftosmMiststctso s HBo Yy ddes® [~ o dd Bsy 20 ttOnR
SHdzd 3. L ' BBEcy @EPOHA L >OB RO @Edo j +
fjtejodL dzOyj dzdze IsdmSk SO dz2j o9dSCdzdC O
dzj esLtcdo dzd?2 BOtODHzj g ds@isfso L 5o dz' h dz' 5°
E BjLSC dgj ydes o© ' HHOdzjdz' 2 1O §tsyOlsCtso
Pdsgseo s (3. 29) ), dzOwWodz Mis! BH O c EEEdQC
Blzlsd odBtcOdZzO Ek dRmiskzYy dsdkz o dc dzv H

R(x)=Fcostof{ Aexf &) -eknd & { .4xp(-z1 G393
HiP®, (81,2 3)-{O0OBjsted, Nt odL dzOYOsls!
Lsodz "Ndg 5° fddzd,

3 e(<p3t)c»32 (> -B):
A= 3.34
xexp(-st,) - 3 e(x pl) (3:34)

Hib-Bsdj dls yomkz, E wed2 MddzO HsmweO' f

sWstoclZzdz' 59 OdzO L OH@yPsthEdE T E Iso A sd
wed?2 oditstedmMbsolkz’ twsLBdlklsw 9 jClststcO {1
Is © sB j tels Odz! dzlz Yyofmisddzd . 1 tod ' tsdisiz
f OtcOd3] Isfig4f]lL Oy "' v
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P(x y,0)= 4 “ﬁ(ﬁty t), (3.35)

VX(X,y,t)=”G(X yt)’+“(xwt), (3.39
HX M

Vv, (X Y, 1) = ui(x y 1), u(xwY (3.37)
Ly K

l s5R° Hdz (kydpdy(xyt)f soddedz’ L OHBo tsdz! dgvlis(

Di(x yt),= q’wﬁn BKyt, (3.38)

chn=% - €' dz] dBBOIVLUSdzOnilseg 6 H J W stcditse Odese s M

odf OHCE o' o3zv3RR U(BHERSEA dvs k! v  Op
' odz"dz (3.38) HBTHAEOsIs! Gitoj HiflsOo dzj

Gyt= (JapaicEK y+) g+h shey ¥} g
(3.39)
exp(at) + s (e { A"l y+d g sh gy ¥ ) @ (o)

VEyis (APEL . K y+d g€, shek v X b
(3.40)
exp(st) + s(ikxb@{c“)gcrgi K y+d g€, sh, ky Ed} ( .

skl ' He' dedp”), uf, Q@8 sHev C ' dzj LREEH] ¥ Ol
9 J dzd ud dzd , CodeCtojlsded?2 odH wEdr odL dzOy

b B3t 0 OB biqu aﬁ%i'

IS stedMmlsOoah d d&zOo jHjdd VWistedkdd (3. :
ROMs Y dz' ff toj HtdRvO o lstxf igkidr Is[@2P4H]d H S s ls j 2
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P(xv)=14 c dosd A, ¢ ) shkpy =

(S)‘i +p?§:r(,(kki .621) -_ Cf@kzq - (3.41)

v, (X, v, ) = sin( kx) ka A expg t)-Bhk @ ¢
bshk, y+(d -) ]kt lé.SA) chk )y+d { (3.42)

(bi2+l Jeh(k @) - cifkg
b+ p')sh(k, 6) - sk '

ch K y+ dllexp(s 9(

v, (X, y,t) = cog k) ka A expg t)chk d+y - )
-behk; by ¢d  -) 1kk |6.C Asg¢hk)y o (3.43)

- bi_lsh [(i Ey (’d

) sHOd hd2 OdkOd L fsosHdl! MW ftod HEYL

[ 8
<L 4 (3.44)
ssBlss ftod §tedti zdFaaz MistejmnjVotfid j s

' Hddes¥ . v Y ' sBEz o dfOHCE MiwOs jHdEds s

2

[ A 60
ho 1+ _4 i 9 3.45
| nk? 282 w2 2 ! (3.45)
IS stedmsO®EZU5) 3. 4B.27) , (3.30, 3.3

Hdft jtef)' 2dzj to' o dav dadzwy, Wity lotafta tipCISED Y Qi
TOLOCIjtedzd B YOG tkzmk t' Hddeq
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kdGsi( kg +ch kyl
KGich k9 [( ¥d @chkd Kk @shlk

g,° 3, 2y
- slkd @(kg (Hg° SO ghhd

+p, [kd cBk¢ b qhéd ¢h kg i{&%‘j& I;;h Ky

kd(BH( kg ek kil
<Gioh &d ) [3sh(kd) - 3 kd @i ki

T,k
8 n’k
+(kd)*st(kd]] -

[(kd)zc'):r( kg -kd sp Kd

kdCsH kg +cl K _
<GB ) kd ch k& (shid 0
(3.46)

t " hjdzdew o5 to' odgvdedew (3. 46)

s —Usk 6 Kd)ch 3.47)
2d chP(kd) +( kd

o= meltkd+ (k) (3.48)
’ (kd)* Gs?( kd
AL dudes dzls o te jldnet 3OdE § b g dlzdalsj TSls 2 o O dadz
WC L OdzpyOlo d WO , Nt odL dzOYO' o dzd ud

HWsted@3iso Odegsets MjtejHsodh O tejdzr “ Wk, A
o' m ©jtedtsf dzOMisdydedr Mmj tckH Basdcf ZOFIs d
ftesyj MOr odStdz’ Is! Mmw
6, > >, (3.49)

I MsOdetso do ROdz o jaf2§jizd s O3 B304 ud ( fiz@d
odSCtstcdMmMisOdedzy ftod -B: B2iedzl OL OB RBsSERE 2
o dL &zOyd i3tz wed?2 i sEwdad®f] ddddazsMmE. 44) »
otcOrntsozo @ik’ GO t©tsdz Coydzsegts HBHOMS O
Htsmdz' HY jdzdgv o dS dzd S Odzy Isddz, Nt 9o Hdzts
BO&zsMIs £ odtOL HdzZw OB dz' sHd Eklsets
MijtcjHsoadh O tdlez ' & ZH L Qafly . w fn dzlz ts B dzO

ftesfstey’ 2de B  dz' P gafgﬁﬁ “disdy  frplstjdfQHdz" &

(Stdiftsdj delse o jClktse® hoduCsmls') 8' d h
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fstewWHCE BOddshls' . r dzv ' dzg Mlstc@te'do j nyj e
9 JOL (kW Lv ZtcOrlzo OdzdzV d3 HEkzGetsEts SV
P8t L 9 HYfwseo Hdzdd3 o qteOLtsd3, Nts otcOR B¢

cogkx) .kdCh(k B
2dk  cff(kd+(kd £-,6

kdGs{kg b kil e MU (KE qhkd Kchd (O
kdh(kd & [ ZH (kf spkt ¢hBd ke chéd( )
(k(y o ciXy o+ ghky et exp)t s ,-etx

cogkx) . kdGHk9 B ) )
"T2dk ot (kd)+( k9 gu-)ie[k (ya) se{od -

kdGsi( kg +ch kgl s | M (K ddkd Kk ch
kdGh(kd 8 [ ZJ (kf bkl ¢hhd kd ché
(k(y o clky d+ shkk y e exp)t & ,-etx (3.50)

cogkq . kdChkd) B ) )
2k SR(k+(k] & kP U O g+
kdGsi(kg b kil erf 2% (R ¢@kd e chlx

kd@h(kd & (2 &) (M DK ¢ hd kd ch@
(k(y o ciky 9+ shk y Jlef exp)t & et

v, (% ¥,t)= [K(yOd) stk yO

{ 5L S ZOH 0¥ yd ( 3. 50)37;2( ot CHs ot B ls @)ds 'ty of j dz

Medkd ¢ jodijstedydes’ fesetejf' '), otORol
5O ftste' odzs ¥ ydj Lidsim dsd@sdzd 12 ded 7' H dzts s W st
' Lddn YyoOmon, sbtedBO B3t Stdlsjtt' 2 &Sy
fjtieh et fstWHCE BOdtsMmis3. @Y . tcf j j dedz’ Is
HisfMdz HY j dedev  3.48¢. fiyls o zdz0 towfShd 7 dz@o j H j dzO

hkl, WSO odL dzOy&L0&y, i, offipI®@°my@®@H Y tso * H dzt
FtcORzo Odzedz' ff jtehtsets SO Hikzetsets ff steWHC
f totb 10'f) totsdzr yYdzj dz' © Htkzesets fBSEEGWHSEE OC
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(Hdo. od©OL HdA&v ) Odfaprisizi dists { dj 'dhk 4 %
slsyd, fted bistejlsdyudsdkz sfdmkz f§tesyld Mt
HjWstdky ysets MjttjHsodh O dsykls! oswOLS

f sSWHC d3®(%(t§l)‘r]ls' (Bt

évy(k)/wo*m'lf’dg/ fi)
g 1,8-
1,64
1,4-
1,2-
1,0-
0.8- - - 2
0,6- , ol
04l /, ~ 1
0,2{ /.
oot
0 2 4 6 8 10 k*10 d3
HjWBtedBOYy' v h Otelz Isj &Y dzO

fls

hogdHC

tdm. 3.1Ddzj 3 dz' Mls! destedRBOdz dats’  C 5B 5dzj dzls
ftso j ton dz HjWsteditse Odzts ¢ [54]: h=00tckzr=189g & dzO s |
v=207 / & ftd tO=" ko iOaa@n®)  j(IEHHHWO Hikze
O@/n®)?( St O SteW HS O BROdsMIs'
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)
g\/y(k)/}co*lo Yzl )
= 18
1,61
1,4
1,2] . S
1,01 ’ S
0,81 N
06 [ 1
04l /
021 /
oo¥\—— O
0 2 4 6 8 10 k*10°d3"
HjUstedOoy v hOwk Isj &fd

fls

hodHGC"
4

tdfm. 3.5. 0dzg»yde Mls! destedB3Odz des’ € 5 d3Y
ftso jten dz HjWtstdse Odzts G [54]: =00ckzr=18g & dzO Is |
v=209 / &5 fted tOR IzoiOaa®) { J(E DO Hickde
O@/n®?( Cti)o O SWHS O BOdshIs'

o, (K, ;10 ds/ T
= 18-
161
9 1,44 - =
£ , S
L2 , s
& 1,0- , .
- _
‘o 0’8__ 1 S
® 0,61 !
< 04l )
0,21
0,0 T T T T T T T T T T 1
0 2 4 6 8 10 k*10°d3'
HdzZW stedgOY' W h Otelz Isj d3tf dzC

tdm. 3.6. 10dzjydz Mls! destodzsOdz dats’ € ts53Y
ftso j ton dz HjWsteditse Odzs G [54]: =00tclkzr=18g &3 dzO s |
v=207 / & ftd tO=" ko iOaa@h®)  j(IEBHHWO Hikze
O@/m@®)?( Stod)o Gf SteYHC O EOdsMHls'
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d/(k)/ 1073/ i)
- 1,81

16 -~

- ™ -, ~

A 1 4] / N

= ] 4 AN

- 112_ 4 A

101 N\ 2

I 1 N

o 0,84

® 0,6-
0,4
0,2
0,0 T T T T T T T T T T g

0 2 4 6 8 10 k*10°cz'
HyWtstedzOy' w h Otelz Isj ikt c

tdm. 3.7. 10dzjydz Mls! destedzOdz dats’ € ts53Y
ftso jten dz HjWtstdsse Odzts G [54]: =00Eckzr=18 & dzO Is |
v=2071 / & fted tOn ko0 aan®®) § j(ELHHOO Hickza
O@/n@®)?( Stcd)o Af sStcWHEC O KBOdsMIs"

VY’ EEEEB dzdy j dedz’  30BOYO HBO3. 2&OMIS Y C
[54,146]

sin(kx)C"P(l)
> Bfﬁl(y &y §+
2dk €17 ( kd)+( kg 50)

ch( kd) + k @sl in
QG O ¥ h@y i R

v, (% Yy, ) =

chik(y+ d]

_ cos(kx)
v, (X y,0)= 20k 67 (Kd) + ?(y d+sh oy o +

L oh(kd)+ k @k k)
kd CeH( k9

(3.52)
(y o ch® y o] +dh(ky i) <R
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cofkx) R
; - OsiKy o
[ch? (kd) +( kd)7] 353

ch(kd) + k @sif kJi 3
+ KdGEH K & iy d) RP

R()=6, [ dx.0 - ( e)xﬁ!!%m]
20, [ dxp) = M] (3.54)
e, [ dxp = M]

f sodz Mmisk odL d&zOoyos yd Q‘dZJISq’QIz i tsdzw h
fjtej HOIBYdzz (YOMistsis dalz) nOtOCIsjtedmisd!
o zOMIsdotsMmis' § jtejHOsYydts " OOSISjtedfls:
Cof sdzj delsd Vi-sitf H S BB © d 82O 8§(PH.jdaRw. | dH d
OB dz' sEHO e jitdBjtedydsets tjd ‘ Wk LB"
fsojternd’ Mddzd. 1 ° Mmda¥y(t) H SHPCFidsleddstz Wtz
L d3d dzh j dedz? kL GtSHY j Mo L ) dgff® HiSdgl) dzidg
HiVWC sap dzdadizO  ovyj,dzd df de©'  fireff =y JudaRO s+ fqw
"L Odz Ctsolzo Odadzy " Cjtdj bedydesets toj dz ‘
O telzy § dede™ . 1 ° HGY ds agB WV, BIsh(tf tcf € o dls' €
(3.52) doj LOdzjyOls! o' H o dzddy ookl daf tsdz
tojdzr ‘ Wk odL dzOyO* Is! Mw deOMlskzf ded sz M ' 99"
h(k’t)~t2 a exp(- &d) +&kdex§ xd
4dk 1 e(xpd) 4+ ( 2ke)x pkd 2 ( kg4

p(x y, 1) =

C"Qz‘ig (3.55)

HJt)-HjwWCeO WkdSy' v ' d ¢d fOtcOd3j Istc’ o

b dzO0dz' L dzOe j H j dzd n Ctedo dn f '  HiIso jtoH
L Odzj Yy dghfglsgdo B dzOMIs” 3O dzd ~dz'yhOdnm oy O fi}* s BI
ftcdrBo OdztsG s LiE g Oy J flzp2s § H O(Is 5y dzO ~ Otc
HIWBtcdito Odese s " OQtelz OyMisledes B L @iz f § Is y O
MStdlssets kigeg BOH pteldzv MW o B AZOMIS! B dzf !
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Yyomlstis. AJ2 f(JtetsyjMmsihd higdiazy " @admB jz,e C
9 J dzd wygf dzO

1 6OCIsd ydzd 2 tdzls § 6 M ftej HiNlsOo dzv ° Is
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