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-iwlgk bdpzn xe`d minrtl :xe`d ly zeil`ecd `id ,dwiqita zexfende zepiiprnd zertezd zg`
ly zilbd zebdpzda zexeywd zertezdn dnk oegal epiqip ,dl` miieqipa .milbk - mizrle ,miw
ipxw - dl`d miixletetd zenyd elit`) exwin ilba ode xfiil ipxwa od - dtiwre zeka`zd - xe`d

.(!z`fd zeil`ecd lr miriavn - exwin ilb ,xfiil

izeki` xaqd - zeka`zd 1.1

ipy cvne ,zeka`zd oebk ,milbl zeicegii ody zertez xe`a ze`xl cg` cvn ozip ,epxn`y itk
(xe`d) wiwlgd :il`ivphet dcya wiwlg zrepzl dni`zn xe`d zrepz ,llkk .miwiwlg ly zebdpzd
reaw l`ivpheta ,hxta .(dnxt oexwr `xwp df oexwr) ilnxhqw` `ed onfd exeary lelqna rp
xe`d lr aeygl ozip ,xe` xewn yi m` f` .mixyi miewa didz drepzd (xiee` oebk ,ipbened jeeza)
aeygl lkep ,miipxwd lk sqe` lr lkzqp m` .mixyi miewa epnn zerpd miipxw sqe`k epnn `veid
itl `id xe`d lr ,dnilyn e` ,zxg` zelkzqd .miipxwl dcewpe dcewp lka zavipd "lb zifg" lr
deedne ,mcwzn dfk wiwlg lk .mixyi miewa mirpd miwiwlg hlet xe`d xewn :qpbied oexwr
miwiwlg oend dyrnl epl yi ,lb zifg epl yiyk .mipeeikd lka mitqep miwiwlg hletd xewn envra
cg` milhan miwiwlgd lky `id ziteqd d`vezd :mipeeikd lka xe` hlet mdn cg` lky ,mikenq
oi`y) lbd zifg zencwzd oeeika mirpd dl` hrnl ,(micbepn mipeeika mirp midf miipy) ipyd z`

.xyi `ed drepzd oeeik okle ,(mze` lhaiy in

`nbec .jazqn wqrd ,(ipbened `l jeez) cig` epi` l`ivphetd eay dxwna xaecn xy`k ,mle`e
oexwr itl .xe`l meh` aaeqd xiwd eli`e ,xearl xe`d leki ekxc wxy ,wcq `id jkl zipeviw
zwiiecnd dxevd z` jqn lr d`xpye ,mixyi miewa wcqd jxc xeari xe`dy mitvn epiid ,dnxt
dxev mi`exe ,miccvl xe`d ly "dbilf" yiy mircei ep` ,lreta mle`e .jyeg - eaiaqe ,wcqd ly
wcqd jxc xyi ew oi` odny zecewpa xe` yi - hxtae ,jqnd lr wcqd ly zyhyehn xzei daxd
lkep ,qpbied oexwr itl mb df dxwna lthp m` mle` ,z`f xiaqdl leki `l dnxt oexwr .xewnd l`
oi` eiykr la` ,mipeeikd lkl xe` mihlety miwiwlg mi`vnp envr wcqa :drtezd z` xiaqdl
ila ,miccvl mb ribdl leki xe`d okl .dcivd mdn hltpd xe`d z` elhaiy mitqep miwiwlg mcivl

.eze` lhai edyny
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ly ilbd ite`d iehia icil `eai dae ,xzei cer zakxen drtez ze`xl lkep ,xv c`n wcqd xy`k
ipy m` :divifetxteqa cgi mixagzn md miybtp milb ipy xy`ke ,milb dyrnl `ed xe`d :xe`d
did cg` m` ,z`f znerl ;mi`iyd ipy mekqk `ed elceby `iy lawp ,m`iya ybtnd rbxa eid milbd
okziiy oaenke ;melk dcewp dze`a d`xp `le ,ipyd z` cg` weica elhai milbd ,ltya ipye `iya
ribdl xe`l gwely onfa zelzk ltya e` `iya `vnp lb .zeka`zd `xwp dfd xeaigd .rvn`a edyn
zelzk ,xefgna aly lka zeidl miieyr ep` ybtnd rbxa okle ,ixefgn lbk rp xe`d) ybtnd zcewpl
zniieqn dcewpa okle ,miccvl mb xe` repi wcqa dcewp lkn ,epxn`y itk .(xefgnd jxe`ae onfa
.wcqd jxe`l zepey zecewpn e`viy miipxw mb `l` ,eil` xyi zpeeknd oxwd wx `l eiykr rbtz
eribi md okle ,zniieqn zg` dcewpl ribdl dpey onf gwel zepey zecewpn zeribny miipxwl la`
,jqnd lr dcewpe dcewp lka .zeka`zd lawpe - zepey "zef`t"a - mdly xefgnd ly mipey mialya
"zeka`zdd zipaz" idef .jyeg e` xe` ly dpey dbxc lawp okle ,mipey eidi miaxernd miwgxnd
ly mipey mixhnxt xear lawzdl zexen`y zeka`zdd zeipaz z` aygl mivex ep` .wcqd xveiy

.('ecke ,lbd jxe` ,wcqd agex) ieqipd

mikixv xe`d z` mihletd mipeyd zexewnd ,onfa dreaw `idy zeka`zd zpenz lawp ok`y ick
zeidl jixv mdipia iqgid df`td yxtde ,zeey zeidl zekixv zeiexiczd ,xnelk :"miihpxdew" zeidl
,ltye `iy ly xeaig miieqn rbxa lawzi jqnd lr zniieqn dcewpa ,df i`pz meiw `lel .reaw
lkep `l jke ,lynl ,mi`iy ipy ly xeaig - iqgid df`td yxtda iepiyd llba - xg` onfa eli`e
jxcd ."zeka`zd zipaz" lr xacl dn oi` `linne ,xe` yi cinz e` jeyg cinz day dcewp lr xacl
jxc cigi xewn eze`n xe`d zxard i"re ,xfiila yeniy i"r `id ,miihpxdew zexewn lawl zipeiqpd
df miihpxdew md okle ,cigi ihpxdew xewn eze`n miraep dyrnl miwcqd lky jk ,miwcq xtqn

.df mr

zeka`zdd zipaz aeyig 1.2

lr dcewpe dcewp lka lbd ly ziqgid dnverd z` aygl epilr ,zeka`zdd zipaz z` aygl ick
dcewp lka lbd .dcehiltn`d z` aygl epilr okle ,reaixa dcehiltn`l zizpekzn dnverd .jqnd
zccea oxwn ligzp .`evnl epilry dn dfe ,dil` miribnd milbd lk ly divifetxteq ,xen`k ,`ed
ze`vei ,qpbied oexwr itl ,ef dcewpn .idylk y dcewpa wcql dribne ,xewndn z`veid ,(1 xei` d`x)
zx`znd lbd zivwpet .jqnd lr x dcewp idyefi`l dribny oxw mb yi hxtae ,mipeeikd lkl miipxw
wgxna dcehiltn`d `id A(R) xy`k ,ψ = A(R)e−i(ωt+kR) `id wcqa y dcewpa zccead oxwd z`
xewnd oia wgxndn raepd df`td yxtd z` `han kR-e ,onfa zeixefgnd z` `han ωt ,xewndn R

; 2πRλ `ed xvei dfy df`td yxtd okle ,minrt R
λ R wgxnl qpkp λ lbd jxe`) dcicnd zcewpl

,x dcewpa jqnd lr lbd zivwpet z` weica ote` eze`a aygp m` ,aeye .(dgqepd o`kne , k = 2π
λ

,zrk .jqnd lr zg` dcewpa zccea oxw zrtyd epayig o`k cr . ψ = A(R+ r)e−i(ωt+kR+kr) lawp
lk z` mekql `ed zeyrl epilry lk ,jqna zniieqn dcewpa zllekd lbd zivwpet z` aygl ick

:`id lawpy lbd zivwpet .dcicnd zcewp l` zeribnd - wcqa zecewpd lkn - miipxwd

ψ = e−iωt
N∑
j

A(Rj + rj)e−i(kRj+krj) (1)

jeza mi`agzn ,yj minkeq mvra epgp` eilr xai`d mb enk ,x dcicnd zcewpa zelzdy al miyp
ziqgid dnvera mipiipern ep`y jkl al miyl aeyg ,ok enk . rj =

√
L2 + (x− yj)2-e Rj =

√
l2 + y2

j

.jynda miaeyigd lr lwiy xac - zhlgend dnvera `wec e`le ,zepeyd zecewpa
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wcq jxc zxaerd xe` oxw ly ihnikq xe`iz :1 xei`

Far-�eld aexiw 1.3

lr dcewpe dcewp lka lbd zivwpet z` aygl ick dwitqn `id eprbd dil` 1 dgqepd ,oexwra
dyw zvw - cgeina zihtniq dgqep dpi` ef la` .zeka`zdd zipaz z` aygl jk ici lre ,jqnd
dielz ef cvike ,zeka`zdd zipaz ly zillkd dzxev idn :dl`yd lr lynl zeprl dilr zelkzqdn
zegpd dnk gipp m` zeyrl lkep z`fe ,xzei dheyt dgqepl ribdl ,ok m` ,dvxp ?mipeyd mixhnxta

.zeliwn

Far-�eld aexiw ly zegpdd 1.3.1

aexiwd qiqaa zcnerd dliwnd dgpdd .(Fraunhofer) xtedp`xt aexiw `xwp ynzyp ea aexiwd
.wcqd agexl qgia c`n milecb md ,jqnl wcqd oiae ,wcql xewnd oia miwgxndy `id ,dfd

:od ef dgpdn zeraepd zeiernynd

.deey - jqnd lr dcicnd zcewp l` dribnd oxwe oxw lk ly A(R+ r) lbd zcehiltn` .1

dze`a jqnd lr dcewpd l` zeribn olek ,wcqd jxe`l `idy dcewp lkn ze`veid miipxw .2
.zief

.df`t yxtd eze`a ze`vnp miipxwd lk ,envr wcqa .3

xei`a aey lkzqp .odn zeraep l"pd zeiernynd ji` d`xpe ,zihnzn dpigan dgpdd z` gqpp dad
:if` .l, L� D-y ,xen`k ,migipn ep` .1
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R ≤
√
l2 +

(
D
2

)2
, l� D =⇒ R ≈

√
l2 = l

:y = 0 aiaq r xear xeliih xeh gztp m` ,ok enke

ry =
√
L2 + (x− y)2 ≈

√
L2 + x2 − xy√

L2 + x2

lawpe x√
L2+x2 = sin θ-y al miyp

ry =
√
L2 + x2 − y sin θ

zelzd l, L� y leabae ,A(Ry + ry) ≈ A(l+
√
L2 + x2− y sin θ) :1 'qn zernynl ribdl ozip ,zrk

,(1.3.2 'rq) jynda d`xpy itke ,2 'qn zernynl zelewy mb od eprbd odil` ze`vezd . 1dgipf y-a
lr d`xny dn ,ry xear o`k eplaiwy dgqep dze`l weica ribp ,dgpdk 2 zernyn z` gwip m`
be`cl epilr ,3 'qn zernyn ly i`pzd z` miiwl ick .ef zernyn mr zixewnd dgpdd ly zeliwyd
lbd jxe` ivgn zizernyn ohw didi wcqa odylk zecewp izyl xewndn miwgxnd yxtdy jkl
zeka`zdl mxeb lb jxe` ivg ly yxtd - wcqa zepey zecewpa xkip df`t yxtd xahvi `ly ick)

:xnelk .(zqxed√
l2 + y2 − l� λ

2 ⇐⇒
√
l2 + y2 � l + λ

2 ⇐⇒
l2 + y2 � l2 + lλ+

(
λ
2

)2 ⇐⇒ y2 � lλ+ λ2

4 ≈ lλ

df wegx dnk epl xicbn mvra `ede ,3 'qn zernyn z` miiwl ick uegpy sqep i`pz eplaiw dpde
:Far-�eld aexiw z` miiwl ick - miieqn lb jxe`e oezp wcq xear - wegx "witqn"

D2 � lλ (2)

.l mewna L xear mb swz weica i`pz eze`y jkl miribn c`n dnec dxeva

Far-�eld aexiwl zillkd dgqepd aeyig 1.3.2

l`k zeiernynd l` qgiizdl lkep ,zixewnd dgpddn zeraep l"pd zeiernyndy epi`xdy xg`l
zcewpa lbd zivwpet aeyigl epicia yi xaky 1 dgqepn ligzp .dgqepd z` gztp oditly ,zegpd
okle ,A(Rj + rj) = A miiwzn ,j-a zelz `ll ,oxw lkly xnel mileki ep` ,1 'qn dgpdn .dcicnd
uegn `ivedl lkep df z` mbe ,j lkl kRj = kR mb ,3 'qn dgpdn .dnikql uegn A z` `ivedl lkep
mi`ex ep` ,2 dgpdn .rj-a dzr cwnzp .ψ = Ae−i(ωt+kR)

∑N
j e
−ikrj d`eeynl ok m` eprbd .dnikql

m` ,okl .zeliawn - y = 0-n z`veid efe y-n z`veid oxwd ,hxtae - wcqdn ze`veid miipxwd lky
xei`) r −∆r `ed y idylk dcewpn z`veid oxwd jxe`y ixd ,r `ed ziy`xdn z`veid oxwd jxe`

lawp ,dgqepa z`f aivp m` .∆r = y sin θ miiwzny xei`dn ze`xl lw .(2 xtqn

,oitilgl .z`fd zelzdn mb mlrzdl lkep ,L,l-l ziqgi ohw x mb eay avnl qgiizp m` .x-a zelz oiicr dx`yp mpn` 1

xelitknd oky ,x-a dyrnl ielz epi` eplv` r lcebdy meyn ,xei`a x`ezndn dpey dtih eply ieqipd ,jynda d`xpy itk
ick z`f dcaera oi`y zelble ,dfk dxwn xear yxetn ote`a ze`gqepd z` gztl ozip ;reaw dkxe`y drp rexf lr akxen

.df wgxna dcehiltn`d ly zelzd caln ,o`k gztpy ze`vezd lr ritydl
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∆r

∆r− r

θ

θ

y=0

y
r

jqnd l` wcqdn ze`veid zeliawn miipxw :2 xei`

ψ = Ae−i(ωt+kR+kr)
N∑
j

eikyj sin θ (3)

zeyrl yiy dcaerd z` z`han heyt `id ,dyrnl .jynda epze` ynyzy ziqiqad dgqepd idef
icil d`a z`fd dnikqd cvik d`xp zrk .jqnd l` wcqdn ze`veid miipxwd lk ly divifetxteq

.miihxt mixwn dnka iehia

ccea wcq 1.3.3

jxe` lkl zexewn ly svx dyrnl epl yi ,D eagexy cigi wcq xear .miipxwd lk lr mkql jixv f`
okle ,ziqgid dnvera wx mipiipern ep` ,xekfk .lxbhpi`d z` aygp - svxl xarna libxke ,wcqd

:dnikqdn lawp if` .reaw `edy ,(lxbhpi`) mekql uegny dn lkn mlrzdl lkep

ψ ∝
∫ D

2

−D2
eiky sin θdy =

−i
k sin θ

(
eik

D
2 sin θ − e−ikD2 sin θ

)
=

sin
(
kD2 sin θ

)
k 1

2 sin θ

reaix `id dnverd .(ziqgid dnverd wx daeyg eple ,reaw `ed) D-a wlgl xzen d`vezd z`
lawp okle ,lbd ziivwpet

I(θ) = I0

(
sin
(
kD2 sin θ

)
kD2 sin θ

)2

(4)

ozipy itk .3 'qn xei`a hhxeyn z`f divwpet ly ihnikq sxbe , sin2 x
x2 zillkd dxevdn `id dgqepd

dnverd my zlawzn eply dxwnae , limx→0
sin2 x
x2 = 1 xy`k ,meniqwn lawzn sxbd fkxna ,ze`xl

ly zeqt`zdd zecewp . 1
x2 ly zthrn jeza ,reaixa qepiq ly sxb lawzn ,z`f dcewp caln . I0

zecewp okle ,x = kD2 sin θ ,eply dxwna .x = ±πn xnelk ,qt`zn qepiqd xy`k zelawzn sxbd
.sin θ = ± 2π

kDn = ± λ
Dn xnelk ,kD2 sin θ = ±πn zecewpa elawzi zeqt`zdd

epiyry miaeyigd lk z` zeyrl ilan ,miixhpnl` milewiyn mb zeqt`zdd zecewp z` aygl ozip
ly dnly dletk `ed wcqd zeevw izyl zniieqn dcicn zcewpn miwgxnd yxtd xy`k :dk cr
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λ
D

sinθ

cigi wcqn zeka`zdd zxev :3 xei`

miipia zcewp yi ,df`t yxtd lkly zeidl aiig if` ,zeevwd oia zecewp ly svx yiy oeeikne ,lbd jxe`
`id dcicnd zcewpl dpnn z`veid oxwdy (lbd jxe` ly dletkd xtqnk ,zecewp xtqn e`) wcqa
miipxw xtqn eze` dcewpd l` zeribn if` ,df`t yxtd lkl oekp dfy oeeikne ;df`t yxtd eze`a
lawpy jkl i`pzd ,ok m`e !qt` ozep lbrna df`td iyxtd lk ly mekqy oaenke ;df`t yxtd lka
dn weica dfe ,lbd jxe` ly dnly dletk ozi ziefd qepiq letk wcqd agexy `ed zeqt`zd zcewp

.l"pd aeyigdn mb eplaiwy

jxe`l xyi qgia `ed sxbd ly agexd :mipeyd mixhnxta sxbd ly zelzd z` ze`xl lw ,dgqepdn
agex e` lbd jxe` z` `evnl c`n dheyt dxeva lkep mb o`kn .wcqd agexl jetd qgiae ,lbd
zeieqt`zd izy oia iziefd wgxnd z` cecnl `ed zeyrl epilry lk :ipyd xhnxtd ozpida ,wcqd

.eplaiw dzr dfy dgqepl z`f zeeydle ,zeawer

miwcq bef 1.3.4

mey oi` :miwcqd ifkxn oia d wgxne ,D agex ilra (4 xtqn xei`) miwcq bef lr zrk lkzqp
:xg` zvw megz lr ayegn eiykr lxbhpi`d - mcewd aeyigl dfd aeyigd oia iynn lcad

ψ ∝
∫ − d−D2
− d+D

2

eiky sin θdy +
∫ d+D

2

d−D
2

eiky sin θdy =

=
−i

k sin θ

(
e−ik

d−D
2 sin θ − e−ik

d+D
2 sin θ + eik

d+D
2 sin θ − eik

d−D
2 sin θ

)
=

=
−i

k sin θ

(
2i sin

(
k
d+D

2
sin θ

)
− 2i sin

(
k
d−D

2
sin θ

))
=

=
2

k sin θ

(
2 cos

(
k
d

2
sin θ

)
sin
(
k
D

2
sin θ

))
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y

D

D

d

miwcq ipyn zeka`zd :4 xei`

ick reaixa dlrpe D-a wlgp aey .sin s − sin t = 2 cos
(
s+t
2

)
sin
(
s−t

2

)
dgqepa epynzyd xy`k

:lawpe ,dnverl ribdl

I(θ) = I0

(
sin
(
kD2 sin θ

)
kD2 sin θ

)2

4 cos2

(
k
d

2
sin θ

)
(5)

,miwcq N xear illk ote`a mipekpy mixac xnel lkepy d`xp jynda .rbxk aefrp dgqepd gezip z`
.N = 2 xear cxtpa gezipd z` zeyrl mrh oi` okle

miwcq N lra bixq 1.3.5

.(agex ila xnelk) miizcewp miwcqa xaecn ik gipp dligze ,miwcq N ly illkd dxwna lthp zrk
:(mireawn mlrzda ,aey) lawp 3 ziqiqad dgqepdn . d didi mikenq miwcq oia wgxnd

ψ ∝
N−1∑
j=0

eikjd sin θ =
1− eikNd sin θ

1− eikd sin θ

:reaixa dlrp ,dnverd z` aygl ick ,libxke

I = |ψ|2 = ψψ̄ ∝ 1− eikNd sin θ

1− eikd sin θ
· 1− e−ikNd sin θ

1− e−ikd sin θ
=

=
1− e−ikNd sin θ − eikNd sin θ + 1

1− e−ikd sin θ − eikd sin θ + 1
=

2− 2 cos kNd sin θ
2− 2 cos kd sin θ

:lawp 1− cos 2x = sin2 x zedfd itle

I(θ) = I0

(
sin
(
kN d

2 sin θ
)

sin
(
k d2 sin θ

) )2

(6)

qt`zn dpkndy mrt lka .5 'qn xei`a `aen sxbd ly hehxy . sin2 Nx
sin2 x

dxevdn `id dgqepd mrtd
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sinθ

λ
d

λ
Nd

(iaer `ll miwcq N ) bixqn zeka`zdd zxev :5 xei`

xnelk ,limx→±πn
sin2 Nx
sin2 x

= N2 -y dlbp ,leabd z` wecap m` .qt`zi dpend mb ,( x = ±πn xy`k)
xnelk ,x = ±πn xy`k ,xen`k ,elawzi dl`d mi`iyd .dnver dze`n `iy lawzn z`fk dcewp lka
e` lbd jxe` z`ivnl gep ccn eplaiw ,aeye . sin θ = ± 2π

kdn = ±λdn e` ,k d2 sin θ = ±πn zecewpa
,meniqwn lk aiaqy xefi`a lkzqp m` .mikenq mi`iy oia wgxnd zcicn i"r ,miwcqd oia geexnd
xnelk ,(dpknd qt`zi `l eiykr la`) qt` yi dpena xy`k elawzi zeqt`zd zecewpy d`xp
.sin θ = ± 2π

kNdn = ± λ
Ndn didi zekenq zeqt`zd zecewp oia wgxndy lawpe ; kN d

2 sin θ = ±πn
miifkxn mi`iy ipy oia zeqt`zd zecewp N − 1 eidi) bixqay miwcqd xtqn z` jixrdl lkep jk
yxtdy ,efk `id ziefd xy`k :ziaihi`ehpi` dxeva mb xiaqdl xyt` dl`d ze`vezd z` .(mikenq
miwcqd lkny ixd ,lbd jxe` ly dnly dletk `ed dcicnd zcewpl mikenq miwcqn miwgxnd
.meniqwn lawpe ,ipyd z` cg` ewfgi md okle ,dcicnd zcewp l` df`t dze`a mdy miipxw eribi
md bixqd zeevwe) lbd jxe` ly dnly dletk `ed bixqd zeevw oia miwgxnd yxtd xy`k eli`e
,lbrnay zef`td lk ipt lr dcig` dxeva zeyxtzn miipxwd lkn zenexzd if` (dfn df Nd wgxna

!qt` `ed dl`k zenexz ly mekqe

:2miwcq ipy ly ihxtd dxwnd xear dgqepd z` gztl lkep ,dzr df dil` eprbdy zillkd dgqepdn
lawpsin 2x = 2 sinx cosx zedfd zxfrae ,N = 2 zavd i"r

I(θ) = I0

(
sin (kd sin θ)
sin
(
k d2 sin θ

))2

= I0

(
2 sin

(
k d2 sin θ

)
cos
(
k d2 sin θ

)
sin
(
k d2 sin θ

) )2

=

= I04 cos2

(
k
d

2
sin θ

)
zipazd :oeinc mi`ex ep` ,agex ilra miwcq ipy xear zexiyi eplaiwy ,5 dgqepl ef dgqep deeyp m`
zeka`zdd zipaza zltken my zipazd lky `l` ,dt eplaiwy zipaz dze` `id my zlawznd
dnexzd :df `ed jkl xaqdd .envr ipta miwcqdn cg` lk agexk eagexy (4 dgqep) cigi wcq ly
znerl .wcqd fkxna izcewp xewn znexzl ddf ,(agex dyrnl el yiy) miwcqdn cg` lk ly df`tl
N → ∞ z` si`ydl `ed zeyrl epilry lk !z`f dgqep jezn cigi wcq xear dgqepd z` gztl mb xyt`y ,wx oiivp 2

weica dgqep dze`l miribn z`f dhiya mby oaenk .miipeviwd zexewnd oia (wcqd agex) reaw wgxn zxiny jez ,6 dgqepa
.eprbd dil`y
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zthrn xvei dfe ,cigi wcq xear epi`xy itk weica ,eagexa dielz wcq lk ly dcehiltn`d ,z`f
.(agex `ll miwcq bef `edy (a)6l deeyde - (`)6 'qn xei` d`x) l"pd dgqepd aiaq dcehiltn`d ly

(a)

(b) (`)

z` ze`xl ozip (`)-ay `l` ,ddf `ed miwcqd oia wgxnd mixwnd ipya .(a) miwc e` (`) miagx miwcq befn zeka`zd

miagx miwcq mr bixq xear mb zygxzn drtez dze` .miwcqdn cg` lk ly agexd ly d`vez `idy (eeweiw) zthrnd

.agex mdl yi xy`k - sevxd ewde ,agex oi` miwcql xy`k zipazd z` x`zn eeweewnd ewd - (b)

agex ila e` mr ,miwcq xtqnn zeka`zd :6 xei`

geexne ,D agex ilra miwcq N lra bixq xear okle ,miwcq ly edylk xtqn iabl swz gezip eze`
dgqepd z` lawp ,mikenq miwcq ifkxn oia d

I(θ) = I0

(
sin
(
kD2 sin θ

)
kD2 sin θ

)2(
sin
(
kN d

2 sin θ
)

sin
(
k d2 sin θ

) )2

(7)

zxeva zthrnn rtyei - aey la` ,miwc miwcq lra bixq xear epi`xy dfl dnec didi oaenk sxbde
.((b)6 'qn xei`) cigi wcqn zeka`zdd

ieqipd revia 2

ly lbd jxe` .exwin-ilba miieqipe ,xfiila miieqip - zepey zekxrn izya eyrp eprviay miieqipd
ilb ly ieqipa eli`e .zecicnd jezn mipeyd miwcqd agex z` `evnl epilre ,epl oezp xfiild ipxw
,lbd jxe` z` `evnl epilre ,(magex z` mircei ,`linne) miwcqd z` epnvra mipea ep` ,exwind

.epl oezp epi`y

9



xfiila miieqip 2.1

zkxrnd xe`iz 2.1.1

zewica dnk epiyr ,oey`x alya .mipey miwcq dilry zitewy jxc xfiil oxw epxard dl` miieqipa
xzei daxd zecicn epiyr ,ipy alya .xiwd lr elawzdy zeka`zdd zeipaz z` eppcn xy`k ,zeipci
dcewp lka zlawznd xe`d znver z` epccne ,zaaezqn rexf lr akxedy xelitkn zxfra zewiiecn
milcbd lk mr - dnvr zkxrnd .aygnl zexiyi exared zecicnd ; 30◦-k ly megz ipt lr dcewpe

.7 'qn xei`a zx`ezn - miihpeelxd

A= 6328

(a)

(b)

(d)
(c)

λ

67 cm

73 cm

86 cm

xe`d znver e` (c) xiwd lr zpxwen zeka`zdd zipaz .mipey miwcq day (b) zitewy lr xe`d oxwen (a) xfiildn

.aygnl mipezpd z` xiarnd (d) xelitkn zxfra wiecna zccnp

xfiila miieqipl zkxrnd xe`iz :7 xei`

`idy ,ozipy dnk cr dliawn oxwdy `ceel - zkxrnd z` liikl jxev did ,zecicnd zligz iptl
ly dlrn lky jk ,xelitknl xaegnd xhneivphetd z` epliik ,ok enk .'eke ,wcqd fkxnl zpeekn
wtqn wx `ede ,dfd lcebl zilwiqit zernyn oi`y oaenk . 0.1 V ly iepiy dnxb ,rexfd aeaiq
xe`d zexewn lk z` zeqkl epiqip ,oexg` crvk .dcicn lk zrvazn day ziefd lr rcin aygnl
lk - cil `ad lk zxfra (!dl`k c`n daxd yiy milbn me`zt ,zexe`d z` miaknyke) miievx `ld
ogleya eply zeribpy epl xazqd ,miieqipd jldna .ozipd lkk zewiiecn dpiidz zecicndy ick z`f
eprpnp miieqipd jyndae ,ze`vezd zeki` lr ok mb erityd - odil` al epny `l elit` dligzy -

.zkxrnd zakxen eilry ogleyd m` rbnn zecicnd jldna

miwcq bef ,("xv"e "ipepia" ,"agx") miccea miwcq dyely yi .mipey miwcq ,xen`k ,zitewyd lr
zecicnd zxfra `evnl epilry dn md ,miwcqd ly miwiiecnd mipezpd .mibixq drax`e ,cg`

.miaeyigde

zeipci zecicn 2.1.2

.xiwd lr mipeyd miwcqd jxc xfiild z` epxwd - zeipci zecicn xtqn eprvia ,xen`k ,oey`x alya
edyfi`a onql mileki ep`y epybxdy zeqt`zd zecewp xzeiy dnk eilr epniqe ,sc epgpd xiwd lr

10



mixefi`e mix`en mixefi` yi - zeqt`zdd zcewp z`vnp weica dti` zedfl oira dywy oaenk .weic
.ze`ibyl cg` xewn edf okle - menipind zcewp `idy zwiiecn dcewp lr riavdl dywe ,mikeyg
,(zeka`zdd zipaz z` xexiaa ze`xl ozip `l zxg`) jyega dyrp ieqipd ik xekfl yi ,jkl xarn
oextrd dvw weica dti` ze`xl did xyt` i` oky ,zniieqn d`iby yi zecewpd oeniqa xak okle

.dlecb ziqgi `id dl` zecicna d`ibyd okl !zecewpd oeniq zra scd lr

:zecicnd ze`vez oldl

agx wcq

xnelk) cv lkn mi`iy ipy cere ,(n"q3 did eagexy) ifkxnd `iyd z` onqle xiwd lr zedfl epglvd
ulgl ozip zeqt`zdd zecewpn .(ifkxnd `iyd fkxna qegii zcewp cere ,zeqt`zd zecewp 6 k"dqa
zeqt`zd zcewp lk xear .sin θ = ± λ

Dn :1.3.3 seqa epi`xy dgqepd qiqa lr ,wcqd agex z`
ozip okn xg`l .(7 xei`a riteny itk ,n"q86 - xiwl wcqd oia wgxnd ozpida) sin θ z` aygl ozip
,zeqt`zd zecewp izy lk oia ( sin θ agxna) miyxtdd z` aygl e` :mixac ipyn cg` zeyrl
,xyil zecewpd z` mi`zdl ozip ,oitilgl .D z` aygle ,yxtdd xeza zgwl rvennd yxtdd z`e
mb) ef jxca .wcqd agex z` aygl ozip ,lbd jxe` ozpida ,dxwn lka . λD `ed lawziy retiyde

:agxd wcqd agex lr dkxrd eplaiw (dkxrd dze` z` eplaiw ,xyil dn`zdn mbe ,rvenndn

D = 3.37 · 10−5 ± 4.2 · 10−6 m

ipepia wcq

lkk ,xekfk) n"q17 ± 2 agexa did `ede ,ifkxnd `iyd z` wx zedfl epglvd ,ipepiad wcqd xear
:`ed lawznd wcqd agex .(`iyd agxzne jled jk ,xzei xv wcqdy

D = 6.4 · 10−6 ± 1.5 · 10−6 m

xv wcq

.llk zeqt`zd zecewp oira zedfl ozip `l xak ,xvd wcqd xear

miwcq bef

zecewp (xqixzk) daxd ic zedfl epglvde ,dxexa c`n zeka`zd zipaz zlawzn ,miwcqd bef xear
znvera milcadl al miyl `l j` ,zeqt`zdd zecewp z` zedfl wx ozip oiray oaenk .zeqt`zd
,xekfk ,`edy ,miwcqd oia wgxnd lr dkxrd lawl ozip ,ok lr .mipeyd mix`end mixefi`a xe`d
xwira mirityn md ixdy ,miwcqd agex lr dkxrd lawl ozip `l j` ;zeqt`zdd zecewp lr rityn

.dnverd iiepiy lr

dgzet epze` zynynd dgqepd .cigi wcq xear epiyry dnl c`n dnec dxeva lawp dkxrdd z`
zeieqt`zd oia wgxndy lawp ,N = 2 ly ihxtd dxwnay ze`xl ozip 5 xei`a zeppeazdne ,1.3.5-a
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:`id miwcqd oia wgxnd xear zlawznd dkxrdd . sin θ = λ
dn didi

d = 4.85 · 10−5 ± 8.6 · 10−6 m

zeihnehe` zecicn 2.1.3

lka xe`d znver iabl wiecn rcin wtiqe ,aygnl xaegy xelitkn zxfra eyrp zecicnd aex ,xen`k
ze`gqepl zecicnd ly zen`zd epiyr ,el` zecicn ly ze`vezd z` gzpl ep`eaa .dcewpe dcewp
ephhxy ,zeivwpetd zebdpzd iabl dyegz lawl ick ,dligz .mincewd miwxta egzety itk ,zeietvd
.mixhnxtd ly (zecicnl xyw ila - miizexixy) mipey mikxr xear ,egzety ze`gqepd ly mitxb
z`eeydn ,ok enk .sxbd zxev lr mipeyd mixhnxtd mirityn cvik dyegz lawl ozip ,jk ici lr
z` daeh ic dxeva diirhe ieqipa "ygpl" ozip ,zecicndn milawzny dl`l ,milawznd mitxbd
i"r ,aeh ok` `edy `ceel wecal jixv dfk "yegip" xg`ly oaenk .zepezp zecicnd xear mixhnxtd
zen`zdl zzl ick mb aeyg dfd yegipd .zlawznd dn`zdl (lynl ,mizegt mireaix) oeiv ozn
aiha dwfg ic zelz yi zen`zdd ly minzixebl`l minrtl - miaeh miipey`x miyegip zeihnehe`d
zeyrl miqpn ep` odl ze`gqepd iabl ieeig ozep mb mitxbd hehxy ,sqepa .miizlgzdd miyegipd
ligzdl miqpny iptl ,ze`gqepa (wezwz zeierh elit`) zeierh `evnl c`n xfer df - dn`zd

.wezwz zerh llba mzq dieby `idy divwpetl mipezpd z` mi`zdl

agx wcq

yi .dpezpd divwpetd zebdpzd iabl dyegz lawl ick mipey mitxb izhhxy oey`x alya ,xen`k
-icnd it lr ayegy df - wcqd agex xear oiievn izlgzd yegip epl yi `weec ,dfd dxwnay ,oiivl
revia iptl zeihnehe`d zecicndn mb ipci ote`a dfk rcin ulgl oaenk did xyt`) !zeipcid zec
-icndn ze`vezd z` epl yi xak o`k la` ,zeqt`zdd zecewp oia miwgxnd zcicn i"r ,dn`zdd
:zpiiprn dcewp dxxazd ,miccnpd mipezpd ly sxbl mz`eeyde ze`gqepd hehxyn .(zeipcid zec
zcewpn ifkxnd `iyd ly dxexa j` dphw diihq yi ,xnelk - zefkxenn ixnbl `l eply zecicnd
epi` ziefd-cn leiky gipdl c`n xiaq :mixac dnkn reapl leki df xac .(8 'qn xei` d`x) qt`d
xy`k zxxazn wxe ,oira dcicnl zpzip dpi`y ,c`n dphw diihql zetvl irahe ,ixnbl wiiecn
zpeekn dzid `l xfiild oxwy jkn reapl leki xacd ,oitilgl .aygna mipezpd z` gzpl miribn
zetvl yi if` ,dpekp ok` `id m`y meyn ,ziziira xzei zvw `id ef zexyt` ;fkxnd itlk weica
zeqpl ile` ozip !'eke ,zitewyl zavip weica `l xak oxwd ixd - zeka`zdd zipaz lk ly zeeirl
`ll mb ,mle`e .3aeh xzei mipezpd z` zex`zn od m` ze`xle ,dfk dxwn xear ze`gqepd z` gztl

.drx `l dn`zd ,d`xpy itk ,zlawzn ,zeycg ze`gqep gezit

md `evnl epywia mze` mixhnxtd xy`k ,4 dgqep `id ,dn`zdd dzyrp dly ziqiqad dgqepd
,(zeipcid zecicndn izlgzd yegip mr) `idy enk dgqepl dn`zd izytig oey`x alya . 4D-e I0
`ed 5(Adjusted R-square) oeivd ;3.14·10−5 m `ed lawzdy wcqd agex) daeh ic d`vez dlawzde
dihqd lr xabzdl ick .(fkxndn diihqd z` xei`a ze`xl ozipe ;8 'qn xei`a hhxeyn sxbd ; 0.932

.3.2 sirq oldl d`xe 3

qgiizdl mlzyn oiicr okle ,wiiecn epi` dfk lenxp ,z`f mr ;1 didi meniqwndy jk y xiv lr eplnxp eply zecicnd z` 4

:zernyn xqg dfy xazqn la` ,xhnxt l`k k l` mb qgiizdl epiqip dligz ,ok enk .`evnl mivex eze`y xhnxt l`k I0 l`
k i"r owezn zeidl leki D-a iepiy lk okle ,kD sexivdn wlgk miriten cinz D-e k-y ze`xl ozip ,dgqepa milkzqn m`
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.ifkxnd `iyd ziihqa zeaygzd `ll ,dgqepl zecicnd zn`zd

agx ccea wcq :8 xei`

diihq `hany ,dgqepl shift xhnxt iztqed okl .dze` `hany xhnxt ze`gqepl qipkdl ozip ,l"pd
daxd zi`xpy d`vez dlawzd ,jke .θ+ shift eiykr izny ,θ riten eay mewn lka ,xnelk :zizief
,0.00242 ly `ed lawzdy shift-d !0.997 did `ed mrtd :oeivd itl ode ,sxbd itl od - aeh xzei
diihql zetvl c`n xiaqe ,oira jixrdl dywy ,dphw c`n diihq wtq `ll idefy - 0.14◦ xnelk

`ed lawzdy wcqd agex !llk diihq dzid `lel c`n riztn did ,jtidl - z`fk

D = 3.35 · 10−5 m

!zpiievn z`fd dn`zddy sxbdn ze`xl ozip .9 'qn xei`a xievn zrk lawzdy sxbd .

ipepia wcq

df wcqa epiyry zeihnehe`d zecicndy `l` .zipci dcicn ,xekfk ,epl yi ipepiad wcqd xear mb
eli` :wiiecn `l df ,dyrnl !dtevnd efl llk dnec dpi` lawznd sxbd zxev :zeriefn ze`vez epzp
diral al epny `l ok lre - xcqa `id dxevdy aeygl ozip ,envr ipta cnerd sxbd lr milkzqn epiid
mihhxeyn mitxbl ccnpd sxbd z`eeyde ze`vezd z` gzpl ep`eaa ,mle`e .zecicnd revia zra
epiidy itk zeqt`zd zecewp mi`ex `l :dni`zn `l ixnbl dxevdy ze`xl ozip ,(10 xtqn xei`)

.mdipy ly dltknd lr wx `l` ,ipyd lr edyn xnel ozip `l ,cg` xhnxt zrici `ll okl ;jtidle
divwpetd i"r miayegnd mikxrd oial miccnpd mikxrd oia divlxewd reaix z` `han , Matlab ici lr ayegnd ,df oeiv 5

lkky ,o`kn .zn`zend dgqepd ici lr xaqen zecicna zepeydn feg` (eply `nbeca) 93.2-y `id oeivd zernyn .epn`zdy
ielzd) ytegd zebxc xtqna aygzn oeivdy dcaerd z` `han "Adjusted"-d .xzei daeh dn`zdd jk , 1-l aexw oeivdy
,oeivd z` dpyn did mixhnxtd xtqn iepiy ,z`fk zeaygzd `ll ;(miiytegd mixhnxtd xtqnae dcicnd zecewp xtqna

.dn`zdd aih iepiyl ,gxkda ,xyw ila
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agx ccea wcq :9 xei`
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dcarnl epxfg ,ze`vezd z` epi`xy xg`l .'ecke ,miipynd mi`iyd z` mi`ex `l ,ze`xl mitvn
`evnl gilvn aygnd ,mle`e .zenec ze`vezl eprbd ,aeye - wcq eze` lr zecicnd z` aey eprviae
`iyd xear daeh dn`zddy sxba ze`xl ozip ,zn`ae ! 0.979 :llka drx `l `id oeivd itly dn`zd
dnverd my ik ,xzeia zeritynd od fkxna zecewpd ik ,aeh oiicr oeivd ;sxbd x`yl `l la` ,ifkxnd

`ed ef dn`zdn lawzdy wcqd agex .ddeabd

D = 1.325 · 10−5 m

geehl aexw `l elit` `ed - zeipcid zecicnd xear eplaiwy agexl llk mi`zn epi` df agex .
,zeqt`zdd zecewp lr qqean ipcid aeyigd :recn epl d`xn sxba zelkzqd !my epayigy d`ibyd
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D=6.4e-6

epayigy df `ed eagexy wcqn mitvn epiid dn d`xn eeweewnd ewd .ifkxnd wlgd xear wx daeh dn`zddy ze`xl ozip

qiqad edfe ,zeccnpd zeqt`zdd zecewpl zeni`zn df sxb ly zeqt`zdd zecewpy ze`xl ozip :zeipcid zecicndn

.zeipcid zecicna agexd zriawl

ipepia ccea wcq :10 xei`

,el` zecicn lr zeknzqdny xexa okl !ccnpd sxba zeqt`zd zecewp ynn oi` ,epi`xy itk la`
,ipcid aeyigdn eplaiwy wcqd agex xear sxb mb hhxeyn 10 xei`a .oihelgl dpey d`vez lawp
xqegl zeixyt` zeaiq iabl .eccnpy dl`l qgia df sxb ly zeqt`zdd zecewp dti` ze`xl ozipe

.3 wxt oldl d`x ,dn`zdd
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xv wcq

`l dn`zd `evnl ozip mrtd mb .ipepiad wcqd xear elbzdy zeira oze` exxerzd xvd wcqd xear
epiidy itk miipyn mi`iy mi`ex `l jynda mle`e - ifkxnd `iyd fkxn - zephwd zeiefd xear drx
xear `l la` ,zephw zeief xear wx zeaeh eply ze`gqepdy aeygl mexbl ligzn df .ze`xl mitvn

.(!zephw zeief yxec epi` xtedp`xt aexiw ,yibcdl aeyg ik m`) xzei zelecbd zeiefd

`ed lawzdy wcqd agex ;0.966 `ed eplaiwy oeivd :dnvr dn`zdd l`e

D = 5.35 · 10−6 m

.11 xtqn xei`a sxbd z` ze`xl ozip .
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xv ccea wcq :11 xei`

miwcq bef

wgxnd lr ieeig lawl epglvd ,xekfk .wecal epilr did eze`y miwcq ly cg` bef yi zeitewya
jildzl izlgzd yegipk dl`d ze`veza ynzyp .eprviay zeipcid zecicnd zxfra miwcqd oia
md `evnl miqpn mze` mixhnxtde ,5 dgqepl mipezpd z` mi`zdl miqpn ep` mrtd .dn`zdd

.d-e D ,shift ,I0

miipynd mi`iyd z` zecicna mi`ex `l - mixvd miwcqa epi`xy drtez dze` z` eplaiw ,dt mb
.dira yi - xzei zelecbd zeiefa la` ,zephwd zeiefd z` wx aeh zx`zn dgqepd ;(!zthrnd ly)

wcq agex md mipezpde ,0.954 oeiv dlaiw ep`vny dn`zdd

D = 5.95 · 10−6 m
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.dn`zd - miwcq bef :12 xei`

miwcqd oia wgxne

d = 5.04 · 10−5 m

mi`zn `weec miwcqd oia wgxnl eplaiwy dkxrdd ,ab` .12 xtqn xei`a hhxeyn lawznd sxbd .
.zeipcid zecicndn eplaiwy dnl c`n

6I bixq

dgzet bixq ly zeka`zdd zipaz xear dgqepd .cecnl epivx mze`y mibixq drax` mb yi ,xen`k
epi` - miwcqd xtqn - N xhnxtd ,dgqepa ze`xl ozipy itk .7 dgqep `ide ,mincewd miwxta
c`n dwfg zelz yiy xne` df .miwcqd oia wgxnd - d mr dltknk wx `l` ,envr ipta riten
,cxtpa mdn cg` lk ly iheleqa` jxrl gxkda ribdl lkep `ly d`xpk okle ,mixhnxtd ipy oia
ixyt` izla didi `ly jk ,dpkna envr ipta riten z`f lka d xhnxtd) dltknd jxrl wx `l`
`evnl c`n dyw did :dn`zdl ,ok m` ,ybip .(jkl zetvl oi` la` ,miiheleqa` mikxrl ribdl
N ,d ,D ,I0) mixhnxt 5-a dt xaecn xaky dcaerd llba dfy zeidl leki .dpekpd dn`zdd z`
izvl`p ,mewn lkn .lirl epx`izy ,mixhnxtd oia daxd zelzd llba dfy zeidl lekie ,( shift-e
zeyrl izhlgd ,`ad alya .mewn meyl izrbd jk lk `le ,mixhnxta wgyle mitxb daxd hhxyl
mikenq milecb mi`iy oia wgxnd ,1.3.5 wxta epiyry gezipd itl :zvw aeygl - jixvy enk z`f
enk !d z` `vnp jke ,dfd wgxnd z` cecnl `ed ,zeyrl jixvy lk ,okl ; sin θ = λ

d `ed ,bixqa
i"r - D miwcqd agex z` ;ifkxnd `iyd `vnp weica dti` dwica i"r `evnl ozip shift-d z` ,ok

...jetd mibixqd z` epxtqne eplalazdy zeidl leki ;oekp eply xetqndy df lr xebq `l ip` 6
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ick rcin witqn zkxrnl yi xak ,df alya .bixqd ly sxbd aiaq ccea wcq ly zthrn hehxy
ze`xl ozip ,yegip lk xear dn`zd reviae ,N xhnxtd mr wgyn i"r eiykr .daexw d`vezl ribdl
`ed oeivd : (13 xtqn xei`) daeh ic `id izrbd dil` ziteqd d`vezd .ilniqwn oeiv lawzn izn
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dn`zd - I bixq :13 xei`

`ed miwcqd agex ,0.955

D = 1.24 · 10−5 m

mdipia wgxnde

d = 4.1 · 10−5 m

`ed xzeia aehd oeivd z` ozepy miwcqd xtqn .

N = 8

agexa ielz dfy ayeg ip` :oexg`d xhnxtl zernyn daxd jk lk yiy rpkeyn `l ip` ,xen`k .
jxc zxaer `l oxwd okle ,xfiild oxwn xzei agx ,miwcqd eilry zitewyd lr xefi`d ixdy ,oxwd
N · d = 8 · 4.1 · 10−5 = :oxwd agex z` jixrdl jxc epl dpd if` ,oekp df m` ,ipy cvn .miwcqd lk
,zitewyl dribn `idy cr oxwd zxftzn dnk cr jixrdl zexg` mikxc yi mzqd on . 3.28 · 10−4 m
zxbqnn bxeg df ,mewn lkn ;cngp didi df - dn`zd didz m` .eplaiw dzr dfy jxrl z`f zeeydle

.dfd g"ecd

IV ,III ,II mibixq

oldle ,dxev dze`a epiyr zen`zd `evnl zepeiqpd z` .swz oaenk l"pd gezipd ,mibixqd x`y xear
:ze`vezd
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xtqn
miwcq
(N )

oia wgxn
miwcq

(d)

wcq agex
(D)

oeiv
dn`zdd

xei`
xtqn

bixq

8 2.05 ·
10−5 m

2.25 ·
10−6 m

0.877 14
∗II

22 1.05 ·
10−5 m

3.11 ·
10−6 m

**0.912 15
III

38 8.74 ·
10−6 m

2.4 ·
10−6 m

0.940 16
IV

zecicnd okle ,DScope ly dhilwd inegz z` zepyl epctwd `l ,zecicn eprviay dpey`xd mrta *
eprvia zecicnd aex z` .erhwp - c`n dax dnver zelra mdly meniqwnd zecewpy - mibixqd ly
.dn`zdd zelekia mb oaenk rbet df .zerehw df bixq ly zecicnd okl . II bixq ly el` caln ,aey
oia wgxnd lr wx rityny ,d miwcqd oia wgxnd z` ulgl `ed ,dxwn lka zeyrl ozip oky dn
izglvd ,dfd lcebd z` izvligy xg`l .zerehwd zecicnd jezn mb ze`xl ozip df z`e ,mi`iy
dpin` zegt daxd `idy ,z`f mr ,gipn ip` ;mirehwd mipezpd s` lr ,llka drx `l dn`zdl ribdl

.zwiiecn ic `idy ayeg ip` d-l qgia ;D-l mb ile`e ,N-l qgia

,dl`d zecicnd jldnay meyn z`f :"rwx yrx" ly sqep xhnxt mr dzyrp z`fd dn`zdd **
ly gezipd z` zeyrl ep`eaa .zecicnl rixtn dfy epl d`xp did `l - welc aygnd bv z` epx`yd
cinz - qt`l dcxi `l mrt s` xe`d ly dnverd :drtydd dzid z`f lka dn xxazd ,ze`vezd
zeiefa dpey dxeva rityd `l df la` .sxbd zizgza xexiaa z`f ze`xl ozip ;hlwpy xe` zvw did
miaexw mikxr dpzp dfd sqepd xhnxtd ila e` mr dn`zdd .zecicna ,dyrnl ,rbt `l okle ,zepey
:wcqd agex did ,ziqgi ,dlceb dxeva rtyedy cigid xhnxtd .mixhnxtdn cg` lk xear c`n c`n
did ,rtyed oky dn .dlaha x`ezny itk - mre ,D = 3.003 · 10−6 m ,rwx yrxa zeaygzd `ll
ly xhnxt mipzep xy`k ;mi`iyd oia hlgen ote`a zqt`zn dnverd ,dgqepd itl - oaenk) oeivd
ly oeiv lawzn ,yrxa zeaygzd `ll :(dfd xhnxtd lawny jxrl cr wx zcxei dnverd ,rwx yrx
lenxpl qgia) 0.0145 :rwxd yrx xear dn`zda lawzdy jxrd .dlaha x`eznk - yrx mre , 0.873

.(dnverd ly

lawp ,I bixqn z`vezd zxfra epiyry itk ,oxwd agex z` aygp m` :ze`xl ozipy oexg` oiiprn hxt
- (3.28 ·10−4 m ,xekfk ,eplaiw I bixqn) 3.32 ·10−4 m - IV bixqne ,2.31 ·10−4 m jxrd z` III bixqn
,izaygd `l II bixqn ze`vezd z` ;dfd aeyigl zernyn yi ok`y dxrydd z` wfgnk d`xpy dn

.lirl xaqenk ,wiiecn epi` d`xpk dn`zdd ly N xhnxtdy meyn

exwin-ilba miieqip 2.2

mixhnilin `ed df ieqipa lbd ikxe` ly lcebd xcq .exwin ilba zecicn revia `ed ieqipa ipyd alyd
eppi` wiiecnd lbd jxe` ,mrtd .mipikn ep` mze` miwcqd ly lcebd xcq mb jke ,mixhnihpq e`
miteb mr zeivw`xhpi` xak mdl yiy ,dl`k milb xear .zelbl epilr eze` dpzynd edfe ,epl oezp
miyp` ly xarn elit`e ,xcga mivtgn zexfgdn d`vezk mxbpy yrx oend yi ,epaiaq mi`vnpy
,ok enk .zegt daxd zewiiecn df ieqipa ze`vezd ,ok lr .zeybxen zerxtdl mxeb zkxrnl jenqa
,seqal .zecicnl weic xqeg ly sqep xewn qipkdl lelr oaenky dn - zeipci od mrtd zecicnd
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dn`zd - III bixq :15 xei`
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dn`zd - IV bixq :16 xei`

.xzei daxd miaexw ,lbd jxe`e ,wcqd agex ,zkxrnd iwlg oia miwgxnd ly lcebd xcq df ieqipa
.xtedp`xt aexiwa dt ynzydl ozipy eil`n oaen `l xak ,okl

zkxrnd xe`iz 2.2.1

efkxnay ,gel yi mdipia .ogley iciv ipyn mi`vnpy ,exwin ilb ly hlwne xcynn zakxen zkxrnd
miagxa miwcq wx jk i"r xi`ydle ,mipey milcbn zegel zxfra meqgl ozip dfd xegd z` .lecb xeg

.17 xtqn xei`a - miihpeelxd milcbde zkxrnd ly hehxy .epzhilyl mipezpd mipey

λ=?

27 cm

42 cm

58 cm45 cm

exwin ilba miieqipl zkxrnd xe`iz :17 xei`

`l ick ,zkxrnd ozipd lkk epwgxzd jk xg` ,ziefd z` mrt lka epipiy :jk eprvia miieqipd z`
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eprvia ,illk ote`a .dze` epnyx - (ziqgi daviizd e`) daviizd dcicndy xg`le ,zerxtdl mexbl
zegt eprvia ipyd cvae ,(0◦ ziefdn dl`ny e` dpini ,xnelk) miccvdn cg` xear zeax zecicn
aex z` dyrnl likn xak cg` cv okle ,zixhniq zeidl dxen` zipazdy dgpd jezn ,zecicn

.rcind

zen`zdd revia 2.2.2

xfrip .xtedp`xt aexiwa ynzydl lkep ok` m`d xxal zeqpl i`ck ,ze`vezd gezipl ybipy iptl
dgqepdn lawl lkep la` ,eply lbd jxe` dn mircei `l ep` miizpia .lirl epgzity 2 dgqepa jk myl
;D = 6 cm `ed xzeia xvd wcqd agex .xtedp`xt aexiwa ynzydl lkep oiicr eay lbd jxe` lr mqg
jixv lbd jxe`y lawp ,dgqepa aivp m` . l ≈ 50 cm ,L ≈ 30 cm ,zkxrnd xe`izn ze`xl ozipy itke
ly lceb xcqn zeidl jixv lbd jxe` ,xnelk .λ � D2/L ≈ 1.2 cm ,λ � D2/l ≈ 0.72 cm miiwl
etqeezi e` lcbi wcqd agexy lkk . far-�eld aexiwl daeh dn`zd lawpy ick ,mixhnihpq zexyr
mitvn ep` - miiwzn df i`pzy gipdl xiaq `l .aeh zegte zegt didie aexiwd jli jk - miwcq
,miccea mxihnihqpa xaecn m` elit` la` .xzeid lkl miccea mixhnihpq ly lceb xcqn lb ikxe`l
mday miieqipa lwzidl il `vi xak) zexiaq ze`vez lawl iekiq yi okle , 1.2 cm-n lecb xzei df
ep`eaa ,okl .("c`n ohw" e` "c`n lecb" ly i`pz miiwziy ick witqn did ,c`n ohw yxtd elit`
jnzqdl - lbd jxe` z` reawl icke ,xtedp`xt aexiwl dn`zd zeqpl mrh yi ,ze`vezd z` gzpl

.miieqipl dzr ybip .xzeia xvd wcqd xear zelawzny ze`vezd lr

miccea miwcq

lbd jxe` dzry `l` ,xfiila mda epynzydy ze`gqep oze` od dn`zd miyer ep` odl ze`gqepd
:ze`vezd oldl .reci - wcqd agexe ,xhnxt `ed

xtqn xei` ayegy lbd jxe` dn`zdd oeiv wcqd agex

18 2.87 cm 0.996 6 cm

19 2.83 cm 0.996 8 cm

20 2.89 cm 0.991 10 cm

21 3.15 cm 0.982 12 cm

,epitvy itk ,ok`e .c`n daeh dn`zd zlawzn xzeia xvd wcqd xear ,mitxbdn ze`xl ozipy itk
,zei`xw` `l od zeihqdy ze`xl ozip ,jkl xarn .cxei dn`zdd aih jk ,lcbe jled wcqdy lkk

.near �eld ly zipazd d`xpk - zxg` zxcben zipaz yiy d`xp `l`

miwcq bef

,xnelk) ±6 cm zecewpa minwenn eid mdizeevwe ,cg` lk n"q 1.5 agex ilra eid eply miwcqd bef
:l"pd mipezpd mr dn`zdd xear eplaiwy ze`vezd .( 13.5 cm `ed - miwcqd ifkxn oia wgxnd - d

.(22 xtqn xei`a sxbd) .2.85 cm :lbd jxe` ,0.83 :oeiv
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n"q 10 agexa ccea wcq - exwin ilb :20 xei`
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n"q 12 agexa ccea wcq - exwin ilb :21 xei`
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miwcq bef - exwin ilb :22 xei`
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bixq

4 ly miwcqd zeevw oia wgxne ,`"k D = 3 cm agexa miwcq lra did ef dcicn jxevl epipay bixqd
xak ,ziy`x :ixnbl xayp xtedp`xt aexiwy d`xpk o`k .miwcq 6 eid k"dqa .d = 7 cm xnelk ,n"q
izlaiwy xzeia daehd dn`zdd ,zipye .zipazl mi`zn dfy d`xp `l ,(23 xei`) sxba zelkzqdn
zernyn yi elit` ilily oeivly rpkeyn `l llk ip`e - −0.13 ly oeiv dlaiw (sxba zhhxeynd ef)
`edy ,n"q 2.74 `ed z`fd dn`zda lawzdy lbd jxe` ,z`f mr ."reeyn dn`zd xqeg"l xarn

.zernyn yi z`f lka ile`y jk ,zen`zdd x`y lka eplaiwy mikxrl ziqgi aexw
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bixq - exwin ilb :23 xei`

zeilnep` 3

zeitvzd ly zeilnep` dnk eid mle` ,icnl zeaeh ,oaexa ,eid zecicnd xear ep`vny zen`zdd
:odil` qgiizdl ie`xd ony ,dixe`izl qgia

zipaza ohw rwy yiy ze`xl ozip ,meniqwnd zeidl xen` day - 0 ziefa - zipazd fkxna .1
ze`xl ozip la` ,dxexa zegt drtezd xzei mixvd miwcqd xear ;(14 cenr ,9 xei` ,lynl)
diilr `weec minrtl ,rwy cinz `l - z`f dcewp aiaq "jelkl" daxd ziqgi yiy illk ote`a

.dnvera c`n dcg

mi`iyd mizrl :zixhniq ixnbl dpi` zipazdy ze`xl ozip ,mitxbdn daxda :dixhniq-` .2
12 sxba cgeina zhlea drtezd) .ipyd cva mini`znd mi`iydn mideab xzei zvw cg` cva

.(mibixqd lkae ,(17 cenr)

!zeqt`zn ynn `l wcqd fkxn aiaqy zeqt`zdd zecewp lky ze`xl ozip ,xfiila miieqipa .3
.(17 cenr ,12 xei`) miwcq bef ly dcicna cgeina hlea xacd

-ild iieqipa zen`zdd x`y lka hrnk ,agxd wcqd ly dn`zdd caln ,xak epiivy itk .4
xzei zelecb zeiefa la` ,(zephw zeief) zipazd fkxn xear zpiievn dn`zd zlawzn ,xfi
-ewp llka mi`ex `l mb dyrnle ,miipyn mi`iy mi`ex `l :dixe`izl zeni`zn opi` zeitvzd
- mibixqae befa ;dnvr zipaza - miccea miwcqa) zipehepen dkirc wx `l` ,zeqt`zd zec

.(zthrna
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ynn `l - xzei miagxd miwcqd mr eyrpy dl` cgeina - exwin-ilba miieqipd ly mitxbd .5
`ly oeeikn ,zipazd z` lawl epitiv `l ik ,dilnep` ynn `l ef ,xen`k .zipazl mini`zn

.ze`xl mitvn epiid ok dn oegal i`ck . far �eld i`pz miniiwzn

lr qqeand ,zeka`zdd zipaz aeyigl ixnep gezit `ed ,oeicd jyndl miiyeniyd milkd cg`
dpi` `ide ,zeka`zdd zipaz aeyigl xzeia ziqiqad dgqepd `id ef dgqep ,xekfk .(2 'nr) 1 dgqep
oegal xefrl dieyr `id ,ok enk .near �eld-l mb mi`zdl dxen` `id okl .mdylk miaexiw dgipn

.`l e` miaexiwdn zraep zniieqn drtez m`

zipazd fkxna zeihq 3.1

z`f dprh ixeg`n oeibdd .xayp aexiwd zipazd fkxnay `ed ,zetvpd zeihql cg` ixyt` xaqd
xyt` i` xak ,ynn qt`l miribny rbxa la` ;oekp aexiwd ,miiteq milcba mipc ep` cer lky xne`
,lynl ,zipazd fkxnl wcqd zeevw izyn miipxwd ixd - zeliawn miipxwd lky ,lynl ,oerhl
xeh epgzit ,xtedp`xt aexiwl dgqepd gezita :ilnxet xzei ote`ae !mipey mipeeikl oaenk zepet
xexa x = 0 dcewpa ,mle`e .(1 'qn xei` d`x) x > y -y dgpdd zrlaen df gezitae ,ry xear xeliih
lr ixnepd gezita ,z`f mr .xayp aexiwd day dcewpd idefe okzii ,okl !miiwzi df i`pzy okzii `ly
weica dni`zn zipazd - z`f drtez mi`ex `l ,mdylk miaexiw dgipn dpi` xen`ky ,1 dgqep jnq
.drtezl xaqdd ok` edfy rpkeyn ippi` ,okl .zipazd fkxna mb ,xtedp`xt aexiwn milawny efl

,eil` zexiyi zpeekn oxwd ,zipazd fkxna weica ccen xelitknd xy`ky `ed xg` ixyt` xaqd
zwican ,mle`e .z`f dcewpa zecicna mizeeir ipin lkl mexbl lelry xac - dieexl ribn `edy okziie
eccnpy xzeia mideabd mikxrd elit` - dieexl aexw xiyknd did el` zenewnay d`xp `l ,mipezpd

.helwl lbeqn zeidl xen` xiykndy ilniqwnd geehdn miwegx

zelra okle ,zeipci my zecicnd mpn` .dnec drtez dztvp `l exwin ilba miieqipay ,oiivl yi
zeidl leki ,oitilgl .drtezd z` mi`ex `l df llba wxe okziie ,dkenp xzei daxd ( θ xiva) divelefx

."zizin`" drtez `le ,xfiild ieqipa ceiva `wec `id diirady jk lr fnxn zn`a dfy

dixhniq-` 3.2

itlk zexiyi zpeekn dzid `l oxwd ile`y dzid ,dixhniq`d xaqdl epl dziidy zg` dxryd
dwfg xzei zvw zeidl miccvd cg`a dnverl mxby dn dfe ,miieqn oeeikl zvw dzhp `l` ,fkxnd
dphw diihq yiy did zen`zdd revia zra epiliby mipey`xd mixacd cg` ,xekfk .ipyd cvay efn
j` ,(leika zephw zeihq) zxg` daiqn raep d`xpk dfy my epxaqd mpn` ;fkxndn zipazd ly
,dxrydd zwica myl .fkxnl weica zpeekn dpi`y oxwn raep dfy zexyt`d z` mb my eplrd
`l` ,fkxndn weica dribn dpi` zrbetd oxwd xy`k ,dtevnd zipazd z` zixnep dxeva izayig
;zipazd lk ly dhqdl mexbl dzid z`fk diihq ly dcigid drtydd ,izrztdl .miccvd cg`n
d`xpk ,okl .oihelgl zixhniq dx`yp `id - hxtae ,llka drtyed `l dnvr zipazd zxev la`

.dixhniq`d z` xiaqdl dleki dpi` ef dxrydy

c`n mi`iyd xy`k :zeixhniq ixnbl `l ody zecewpa dcicnn zraep drtezdy `id zxg` dxryd
dxeva dylg dnver z`ixw lawzz ,`iyd fkxna weica `l ziyrp dcicnd m` ,mixve micwenn c`n
dtvpy ixd ,`iyl qgia zepey zvw zecewp dxwna eccnp cv lka m` .izin`d `iydn zizernyn
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mi`iyd my :mibixqa mi`exy dnl mi`zn ok` df xaqdy il d`xp .z`fk drtez weica lawl
d`xz zwcwecn dwicay jkn `evnl ozip jkl sqep wefig .xiaq rnyp df xaqde ,mixv c`n zn`a
zn`a drtezd `l` ,ipydn xzei deab iawr ote`a `edy cg` cv lr riavdl ozip `l ,mibixqay
,z`fk drtez repnl ick witqn miagx mi`iydy d`xp ,z`f znerl ,miwcqd befa .zi`xw` zi`xp

.xg` xaqd `evnl jixv oiicr ,befd xear okle

xaqd mb el did .cg` cvl zix`pil diihq mnvr mixiykna yi minrtly xn` mihpxeald xg`
jxe`l mincwzny lkk ,iawr ote`a minrtly dzid dprhd la` ,ixnbl izpad `ly ,raep df dnn
`l ,sxba zwcwecn zelkzqdn ,z`f mr .zekenp e` zedeab xzei zvw zecicn zelawzn , x-d xiv

.mi`ex ep`y drtezd idefy d`xp

zevitw minrtl eplaiw ,zecicnd jldna :df `ed ,oekpd xaqdd ,xac ly eteqa ,izrcle ,oexg` xaqd
dl`d zecicndn zg`l zwdaen `nbec) oirl zi`xp daiq mey `ll ,mzq - zipaza zelecb c`n
,miwcqd lrn ,zitewyd lr :zxcben c`n daiqn erap dl`d zeihqdy epilib seqal .(24 xtqn xei`a
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zitewyd lry dpeekdd ireaixn erapy ,dnvera zevitwl `nbec :24 xei`

oekpd mewnl xfiild z` oeekl xefrl mzxhny ,xe`d xearl leki mkxc mby miphw mireaix yi
,dl`d mireaixl zgzn wcqa dxar oxwd xy`k ,okl !xe` xaer mkxc mb ,xen`ky `l` ;zitewya
d`xn 12 sxba dxidf zelkzqd ,ok`e !zipazd x`ya xy`n xzei ddeab dnvera xe` ccnp xelitkna
epiliby xg`l ,epnfa .xzei mideab mi`iyd ,miieqn xefi`a wx `l` ,cg` cvl ziawr diihq oi`y
ik ,ok m` ,d`xp .dxztp dirad ok`e ,cpaxeilefi`a dl`d mireaixd z` epiqik ,z`fd drtezd z`
minxebdn dnk ly sexiv yiy mb okziiy oaenk .miwcqd bef ly sxba dixhniqd xqegl xaqdd edf

.l"pd

zeqt`zdd zecewpa zeqt`zd i` 3.3

fkxn aiaq ,okl .dnverd iiepiyl aibdl onf xelitknl gwel ile`y `id drtezd xaqdl zg` dxryd
xelitknd witqn `l ,milecb c`n zeqt`zdd zecewpl mi`iyd oia dnverd iyxtd xy`k ,wcqd
meniqwnd zenver ,miccvl mipety lkk ,z`f znerl .`ad `iyd ribn xaky cr qt`l ixnbl ribdl
itl ,mle`e .`ad `iyl miribny iptl qt`d cr xzeie xzei zcxl witqn xelitknd okle ,zecxei
drtezde ,z`f epiqip .c`n dax zeihi`a ziyrp dcicnd xy`k mlridl drtezd dxen` ,df xaqd

.drtezl xaqdd eppi` edfy d`xp okl .dzpzyd `l

zief hlew mzqd on xelitknd :xelitknd ly iteqd agexdn zraep drtezdy `id zxg` dxryd
xak ,mideab mi`iy oa z`vnp menipin zcewp xy`k .dcewpe dcewp lka zccea dcewp `le ,zniieqn
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`edyk elit` xelitknd i"r zvw zehlwp el`e ,zexkip zenver zeidl zekixv menipinl c`n aexw
ixd ,jk lk mideab mpi` menipind aiaq mi`iyd xy`k ,z`f znerl .menipind l` zexiyi oeekn
dxrydd z` .menipind zcewpa dcicnl drxtd oi` okle ,dpezn xzei daxd didz dnverd ziilry
dze`a dnverd z` wx miaygn `l dcewpe dcewp lka eay ,ixnep aeyig ici lr wecal ozip z`fd
aeyig z`vez .dcewp lk aiaq iteq agex edyfi` lr lxbhpi`d z` miaygn `l` ,weica dcewp

.onvr zecicnd z` zpiievn dxeva zn`ez `idy ze`xl ozip .25 xtqn xei`a z`aen `nbecl
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xelitknd ly iteqd agexa aygznd ixnep aeyig :25 xei`

oeiqp i"r `vnp dfd agexd .dcewp lk aiaq mip`icx 0.003 ly agexa xe`d znver z` rvnnd ,ixnep aeyig mi`ex sxba

`idy oeivde ,l"pd dn`zdd xear mb adj-rsquare oeivd z` izayig ,ofe`d z` xayl ick wx .jk lk wiiecn epi`e ,dirhe

,zipci zxreyn dn`zd wx ef - aeye ,(wcqd agexa zeaygzd `ll ,xekfk ,lawzdy 0.954-l d`eeyda) 0.958 did dlaiw

!zilnihte` dn`zd `le

zelecb zeief xear dn`zd i` 3.4

drtezd ,xen`k .wiecna dly mipiit`nd z` xxal jixv ,drtezl mxeb dn xiaqdl dqppy iptl
zecewp z` - mibixqde befd ly zthrna e` - miccead miwcqd ly zipaza mi`ex `ly `id lecba
zewdaen ze`nbec .zipehepen dcixi wx mi`ex ,z`f mewna .miipyn mi`iy mi`ex `le ,zeqt`zd

:mihxtl eiykre .(16 cenr) 11-e (15 cenr) 10 mixei`a ze`xl ozip
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,miipynd mi`iyde zeieqt`zdd z` xexiaa my mi`ex - xcqa zi`xp agxd wcqd ly zipazd •
.miiyily mi`iy elit`e

dni`zn zipazd :xnel ozip `l :xnelk - zniieqn ziefa zeligzn cinz `l zipazdn zeihqd •
mewna zeligzn zeihqd ,zipaz lka ,`l` ;zeihqd zeligzn d`lde myne ,jke jk zief cr

.zixhniq diihqd ,zipaze zipaz lkl qgia ik m` - xg`

epiidy itk ,zilb `le ,zipehepen `id ifkxnd `iydn dcixid ,xen`k :zncewd dcewpl jynda •
-xidy mi`ex ,zn`a la` ;milbl mxeby dn `ed sin-de , sin

2 x
x2 `id zthrnd ly dgqepd .mitvn

qepiqd ,fkxnl aexwy xexa ,ipy cvn .(26 xtqn xei` d`x) 1
x2 enk xzei daxd zkled dci
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1/(kD
2 sinθ)2

1
x2 enk hrnk zeidl dcixid zkted ,zniieqn dcewpn :26 xei`

jxcd .( sin2 x
x2 enk ,1-l my zkled zipazd eplv`e ,x → 0 xy`k seqpi`l jled 1

x2 ) rityn ok
,θ = 0 xy`k 0-n ligzn ,rityn zn`asin-d dlgzday xnel `id ,dfk xac xiaqdl zirahd
d`lde myn okle ,1-a reaw x`yp heyt qepiqd aly edyfi`a la` , 1-l ribn qepiqdy cr
jxc ef la` ,drtezl edylk xaqd dfd xe`izd lka oi`y ,yibcn ip` . 1

x2 -l dni`zn zipazd
.zpiiprn izrcle ,dpey zvw zelkzqd

deey e` dlecb cinz `id lreta zccnpd dnverdy ze`xl ozip :zncewd dcewpl jynda ,cere •
meyn heyt df ,l"pd xe`izd itl ,dyrnl .dpnn dphw dpi` mrt s` j` - zayegnd efl

.ixyt`d xzeia lecbd jxrd `edy ,1 jxra x`yp cinz qepiqdy

enk weica zx`yp - ziniptd zipazd eli`e ,drtezdn zzeerzn zthrnd wx ,bixqa e` befa •
.zeidl dxen` `idy

.dl`d mipiit`nd lka aygzdl jxhvz ,drtezd z` xiaqdl ick dlrezy dxryd lk

mipekp epiyry miaexiwdy `ed ,xzeia irahd xaqdk rnyp eipt lry xaqd `ede ,dlry cg` xaqd
ly zwcwecn dpigay `l` .mitwz `l xak md xzei zelecb zeief xear la` ,zephw zeief xear
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izzhxy xy`k ,jkl xarne .zephw zeief lr epknzqd day dcewp mey d`xn `l eply miaexiwd
miwcqd xear zeipazd ,llk miaexiw dyer epi`y ,(27 xtqn xei`) ixnepd aeyigd itl mitxbd z`
mi`iyde zeieqt`zdd lk ,oaenk ,llek ,zaxewnd dgqepdn miraepd dl`l weica mini`zn dl`d

.aexiwa dverp dpi` dirad ,okl .miipynd
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far field calculation
numeric, unapproximated

zipaz dze`l ixnep aeyige , far �eld aexiw :27 xei`

.xfiila miieqipd xear oievn `ed xtedp`xt aexiw dnk cr yibcn wx df !mipey mitxb ipy dt yi ok` - zerh `l ef ,ok

,miaexiw dyer epi`y ,ixnepd aeyigd itl mby xexiaa ze`xl ozip ,eppiiprle .xvd wcqd ipezp xear md mihhxeynd mitxbd

.minlrp `l miipynd mi`iyde zeieqt`zdd

eay ote` edyfi` yi ile` .mcewd wlga x`ezy revindn zraep drtezdy `id ,dzlry zxg` drvd
ji`l rpkyn xaqd izrny `l ,ziy`x la` .dlcb ziefdy lkk xzei dlecb dxeva rityn revind
il d`xp `l ,zxnyp ,lynl ,befa ziniptd zipazdy dcaerdn ,zipye .z`fk drtyd ygxzz weica
gwely xaqd lk ,xnelk) ziniptd zipazd z` zeerl ila ,zthrnd z` qexdi revind jildzy ipeibd
ipiit`n lk lr dcin dze`a rityi ,zipazd ly zeeirl mxebe ,epayigy itk dpezpd zipazd z`
mxeby dn oia oigaie ,zeeirl mexbi zipazd zxivi ick jez xaky xaqd edyfi` `evnl jixv ;zipazd

.(zipazd ipiit`n x`yl mxeby dn oial zthrnl

izin` wcqa `le - wcq dilr xievny zitewya dt xaecny dcaerd ile`y `id zxg` dxryd
zexiayl mxeb zitewyay jeezd ile` ,lynl .mizeeirl ile` znxeb - (melk ea oi`y xeg ,xnelk)
dnl xiaqdl dirad zniiw - aeyy wx ,xiaq ic rnyp df xaqd .xzei zelecb zeiefa oxwd ly zepey
dxew zeeird z` ze`xl dtvn iziid ,avnd did df eli` ,ok enk .zrtyen dpi` ziniptd zipazd
wcqa yeniy ici lr xaqdd z` wecal ozipy oaenk .dtvpy itk `le ,zipazl xyw ila ,dreaw ziefa

.zniiw oiicr drtezd m` ze`xle ,izin`

agexa epi`y wcq oebk - envr wcqa miweic-i`y `ed ,oekpd oeeika il d`xp dligzay ,xg` xaqd
z` mi`ex `l agxd wcqa dnl xiaqdl leki df ,ziy`x .zeeirl minxebd md - ekxe` lkl cig`
xeywy lceb mzqd on - reaw lceb xcqn md dl`d miweicd i`y gipp :ok miwcqd x`yae ,drtezd
`l ziqgid diihqd la` ,miwcqd lkl ddf didi zeihqd ly lcebd xcq .wcqd ly xeviid zlekia
okl .zybxen xzei daxd didz diihqd ,xzei mixv miwcq xeary cera ,agx wcq xear dlecb didz
zeeird dnl xiaqdl leki dfd xaqdd ,zipy .xzei mixvd miwcqd xear wx mizeeir ze`xl dtvp
d`vez - ziniptd zipazd eli`e ,miwcqd agex ly d`vez `id ,xekfk ,zthrnd :zthrna wx dxew
rtyei okle ,oaenk ,miwcqd agexn xzei lecb cinz miwcqd oia wgxnd .miwcqd oia wgxnd ly
.ziniptd zipazd lr ritydl ilan ,zepzydl ligzz zthrnd ly dxevd ,jk .miweic-i`n zegt
wcqd agex lr revinn zlawznd zipazd z` ixnep ote`a izayig ,dxrydd z` wecal ick ,mle`e
,izrztdle ;(agex edyfi` aiaq zebltzd `l` ,wiecn agex el oi`y wcqn lawzzy zipazd ,xnelk)
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dly cig`d wcqd agex) cig` agex mr wcqn zeka`zd ly zipazl ddf `id zlawznd zipazd
lka la` ,iaihwt`d agexd z` zepyl leki revind lewyn - revind ote`a ielz zipazd dni`zn

.swz epi` df xaqd mb ,okl .(cig` agex mr wcq ly zipaz xac ly eteqa `id zipazd dxwn

d`iby mzq `l z`f) zizin` drtez wtq `ll `id la` ,drtezd xaqdl zetqep zexryd il oi`
mze`a weica ,zeihq oze` zelawzn ,mixg` miyp` lv` mb izi`xy zecicnd lka .(zecicna

.mipiit`n mze` mre ,eplv` zexew ody zenewnd

far �eld zipazl mini`zn `l exwin iieqip 3.5

lr eyrp miaeyigd oky ,zeayegnd zeipazl zecicnd ly daeh dn`zdl mitvn epiid `l ,xen`k
,izxaqd xaky itk .exwind iieqipa mitwz mpi` xak aexiwd i`pz ,epi`xy itke , far �eld aexiw jnq

.ze`xl mitvn epiidy zeipazd odn ze`xl ozip zixnepd dgqepd zxfra

ixnepd aeyigd oial aexiwd oiay dn`zdd ,xfiild iieqip xeary ,27 xtqn xei`a xak epi`x ,ziy`x
.zpiievn `id

z` izavd heyt `l` ,zen`zd eyrp `l ekl .zyxetn dgqep oaenk epl oi` ,ixnepd aeyigd xear
`wec e`l oldl e`aeiy mitxbd okl .zelawznd zeipazd odn izi`xe (epl mireci mdy) milcbd lk
aeyigd itl ietvl dni`zn ok` zecicnd ly zillkd dxevdy ze`xl ozip la` ,weica mini`zn

:ze`vezd oldl .2.2.2 wlga eprviay zen`zdd itl , 2.86 cm `ed izavdy lbd jxe` .ixnepd
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n"q 6 ,ccea wcq
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n"q 12 ,ccea wcq

(zixnep) near �eld zipazl ,exwin ilba zecicnd ly zen`zd :28 xei`

ze`ibyd iaeyig iabl dxrd 4

`ed ,dyrnl ,mda izynzyd ea cigid mewnd .dcicnd ze`ibya dfd g"eca izaygzd `le hrnk
.zeipcid zecicndn miwcqd iagexa d`ibyd aeyiga

eze` jxrl iehiad ly zeiwlgd zexfbpd z` dcewp lka aygl `id d`ibyd z` aygl jxcd ,oexwira
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Numeric, near field
Averaged
Observed

near �eld zipazl exwin ilba bixq zn`zd :29 xei`

.(23 'qn xei` deeyd) far �eld aexiwa eplaiwy efn c`n dpey ixnepd aeyigdn zlawznd zipazd ,ze`xl ozipy itk

zlawzny zipazd lr revin miyer m` zlawzn xzeia daehd d`vezd .zeitvzl wiecna dni`zn dpi` `id mb ,mle`e

.ixnepd aeyigdn
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:dl` mixhnxtn cg` lk ly d`ibyd zkxrd itle ,mixhnxtdn cg` lk itl ,miaygn ep`

∆y =

√√√√ n∑
i=1

(
∂y

∂xi
∆xi

)∣∣∣∣2−→x =−→x0

+ ∆y0 (8)

ly jxrd zcicna d`ibyd `id ∆y0 ,d`ibyd z` `evnl mivex exeary ayegnd jxrd `ed y xy`k
jxren elek iehiad .y ielz mda mipeyd mixhnxtd md xi-e ,(ccnp jxr `ed y m`) dcewp dze`a y0

.dcicnd drvazd da zniieqn dcewpa

:zeira dnka milwzp ep` ,wcqd agex xear d`ibyd z` aygl ep`eaa la`

xyt` i` okle ,(D) miccen ep` eze` jxrd z` (lynl ,4 dgqep) ze`eeyndn ulgl ozip `l •
ep` dl dgqep jezn `l lawzn D ,xekfk) !ely ziwlgd zxfbpd z` zyxetn dxeva `hal
daxda dielzy ,divwpetl "dn`zd" jezn `l` ,xefble `eal xyt`y ,zecicnd z` miqipkn

.8 dgqep ly dxevdn iehia meyxl mircei `l llka ep` eply dxwna okl .(zepey zecewp

mileki epiid m` elit` if` ,(d-e D ,lynl) `evnl miqpn ep` eze` cg` iehian xzei yi xy`k •
,ipyd iehiaa d`ibyd z` likn did `edy ixd ,mdn cg` xear l"pd iehiad z` yexita `hal

!epayig `l cery dn - mi-∆xi-dn cg` xeza

xear wcqd agexa d`ibyd z` df ,epl zpzep dzid dgqepdy dn ,l"pd zeirad izy `ll mb •
eteqa ixd - zernyn lra jk lk `l `edy xac ,(!zinewn `id l"pd dgqepd) cxtpa dcewp lk
lkl zxg` d`iby `le ,jke jk ly weica wcqd agex z` ep`vny meyxl mivex epiid ,xac ly
lawpy d`ibyd z` ote` edyfi`a llwyl jixv ,xnelk !dcicnd zecewp miitl` e` sl`n zg`
zihpeelx `l `id l"pd dyibd lk ,okl .df z` zeyrl ji` byen il oi`e ,dcewpe dcewp lka

.eppiiprl

zepzep dn`zd zeyery zepey zepkez :zpzep dnvr dn`zddy d`ibyd zekxrd z` zgwl erivdy yi
`l la` .(''Con�dence bounds" dfl mi`xew ,lynl ,Matlab-a) d`iby zkxrd m`zen xhnxt lkl
dcicnd ze`ibyl llka zqgiizn `l z`fd dkxrdd :miytgn ep`y dn zn`a `ed df jxry okzii
ipin lk lr zqqean `l` ,(!miccnpd mixhnxtd ly d`ibyd zekxrd odn zrcei `l elit` `id) eply
dpi` ef drvd mb okl .miytgn ep`y dn `l llka dfe ,envr rcind jezn zeraepy zeihqihhq zegpd
zniieqn dn`zd dnk cr jixrdl zexfer od - zeaeyg hlgda od dl`d d`ibyd zekxrd) .zihpeelx

.(7mivex ep`y dnn ixnbl xg` edyn df la` ,`l e` daeh `id

ep`y daiqd ,xac ly eteqa ixd :dpey zvw ziefn dirad lk lr lkzqdl `id ,izrnyy daeh drvd
zeihqde ,dixe`izl zeni`zn eply zecicnd m` zrcl lkepy ick df ,d`iby zekxrd lawl mivex
,d`ibya zeaygzdd xg`l elit`y ,eccnpy zecewp yi ,`ny e` ;dcicnd ze`ibyn wx zeraep olek
`ly mitqep minxeb) dnly dpi` dixe`izdy jk lr fnxn df f`e ,dixe`izl zeni`zn `l oiicr od
,cg` xtqn ozipy jkl zeaiyg zn`a oi` ,okl .(dieby dixe`iz - miipeviw mixwna e` ,mda epaygzd
lka aygl df ,epze` oiiprn oky dn .oiiprny dn df `l - wcqd agexl eply d`ibyd zkxrd `edy
.d`ibyd geeha zltep ok` dcewpd m` ze`xle ,dixe`izl qgia dietvd d`ibyd z` dcewpe dcewp
z` aygp ,dcewpe dcewp lk xear :d`ad dxeva lertl ozip ,lynl ,ccea wcq ly dxwna ,jk myl
-d ly zernyndy mixiaqn (!envr ipta qxewl qiqa zeedl leki `ed - oiievn ,llkk ,`edy) Matlab ly help-a7

dycg dcicn xeary df `ed ayegnd d`ibyd geeh ,'eke zeilnxep zeiebltzd ly zegpd zgz :z`f `id con�dence bounds
.oezpd d`ibyd geeha xhnxtd ly jxrl mi`zz `idy (xg` feg` lkl mqg ywal xyt` e`) 95% ly iekiq yi ,rvazzy
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`l okle ,zniiw oiicr yxetn iehia uelig ly dirad) dcewp dze`a wcqd agexa dietvd d`ibyd
ulgl ila elit` ,zixnep dxeva zeiwlgd zexfbpd z` jixrdl ozip ile` la` ;z`f zeyrl lreta lkep
z` aygl lkep ,okn xg`l .(dnverd) ccnpd jxrd ly d`ibyd z` jxhvp df jxevl .(...yxetn iehia
`l` dnverd zcicn `l df mrtd la` ,dnverd aey xnelk) ccnpd jxrd aeyiga dietvd d`ibyd
zrk .(wcqd agex) xhnxtd xear ep`vny d`ibyd ozpida ,(mixhnxtd x`y jezn dnverd aeyig
,dcicnd zcewpl aiaqn megz epl ozepy - dcicnd ly d`iby geeh :dcewp lka milcb ipy epl yi
m` .dcewp dze`a zayegnd divwpetd jxr aiaq megz epl ozepy ,dcicnd aeyig ly d`iby geehe
il d`xp ,xen`k .`l f` - e`l m`e ,dixe`izl dni`zn dcicndy ixd ,mitteg dl`d minegzd ipy

.zexg`d zeirad llba ziyrn `l `id - aey la` ,cearl dpekp jxc efy

myy meyn `id ,wcqd agexa d`ibyl dkxrd lawl izglvd z`f lka zeipcid zecicnay daiqd
zecewp oia wgxnd lr aeyigd z` epqqia my :agexd z`ivnl ixnbl zxg` dgqepa izynzyd
iz`vn lk mcew my ,ok enk .D z` zeyxetn dpnn ulgl ozipy dgqep epl yi ok` f`e ,zeqt`zdd
epl yi ,zrk ;df ly d`ibyd lr dkxrd izlaiwe ,zeqt`zd zecewp izy lk oia rvennd wgxnd z`
lcebd z` miaivn m`e ;zeccnp zecewp ly sqe` `le - zeqt`zd zecewp oia wgxnd - cg` xtqn

.zexfbpd itl dlibxd dxeva ,wcqd agexl d`iby zkxrd milawn ,dgqepa cg`d

mekiq 5

xeary epi`xe ,far �eld aexiw xear ze`gqepd z` epgzit .zeka`zdd zrtez lr epcnr dl` miieqipa
dpyi .ze`ivnl dixe`izd ly c`n dti dn`zd zlawzn - aexiwd i`pza cnerd dxwn - xfiil ipxw
zeqt`zdd zecewp zelawzn `l ,mixv miwcq xeary `ide ,xiaqdl mircei ep` oi`y zg` drtez

.sqep oeir jixv df `yep .mitvn epiidy itk

zipazd z` zixnep dxeva epayig ,xtedp`xt aexiw i`pza micner mpi`y ,exwin ilba miieqipd xear
miieqipdy s` lry dcaerd `ed ,df iabl oiiprn hxt .dixe`izl dti dn`zd dlawzd ok`e ,dietvd
lbd jxe` - epytigy xhnxtd xear zpzep oiicr aexiwl dn`zddy ixd ,aexiwd i`pza micner mpi`
witqn ely zillkd dxevd ,mihxtl mi`zn epi` aexiwdy elit`y d`xpk .`iltdl miiawr mikxr -

.df rcin epnn ulgl didi ozipy ick ,zizin`d zipazl daexw
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