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xeviil rbepa zihqixeid han z
ewp lr

xe`d ly divnxetqpxhle

oiihypi` hxal`

1905 ,i`n

-ifit mix`zny zihxe`izd dpenzd oia miizedn milnxet mil
ad miniiw

mikildz xear leeqwn ly dxezd oiae mixg` miliwy mitebe mifb iabl mi`w

sebd avny migipn ep`y 
era .wixd agxnd mya dpekny dna miihpbnexhwl`

ly (iteq oii
r la` le
b) iteq xtqn ly zeiexidnde minewind i"r ixnbl rawp

z` reawl i
ka zetivx mewin zeivwpeta miynzyn ep` ,mipexhwl`e mineh`

mipzyn ly iteq xtqna i
 oi` okl ,agxna sebd ly zeihpbnexhwl`d avn

zxez itl .agxna sebd ly zeihpbnexhwl`d avn z` hlgen ote`a reawl i
ka

(xe`d zrtez llek) dxedh zihpbnexhwl` drtez lk mix`zn xy`k ,leeqwn

-ifit ly mdizepeirx itly 
era ,agxna dtivx divwpetk dibxp`d z` `hal yi

mineh`d lrn mekqk liwy seb ly dibxp`d z` `hal ozip ,eppnf ipa mi`w

oia zwlgzn miliwy miteb ly dibxp`d ea avn okzii `l .ely mipexhwl`de

zxez `e) leeqwn zxez itly 
era ,eidiy lkk miphw ,miax mizexixy miwlg

ote`a zvten xe` ly iz
ewp xewnn zhltpd xe` oxw ly dibxp`d (idylk milb

.l
be jledy gtp lrn sivx

xear e`vnp agxna zetivx zeivwpet mr zlretd xe`d ly lbd zxezl miwe
iv

dxeza mrt i` slgez ef dxezy zexyt`d ,zexedh zeihte` zertez ly bevii
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zeqgiizn zeihte` zeitvzy xekfl yi ,z`f zexnl .dxiaq izla zi`xp zxg`

lky zr
d lr lawzn i
 z`f lkae miirbix mikxrl `le onf ly mirvennl

xe` zxfgd ,(divwxti
) zexazydd zxez z` `ln ote`a `
el ezxhny ieqip

zeivwpeta yeniy dyery 'eke xefit ,(divwxtix) zxfeg zexazyd ,(diqwltx)

oia dxizql liaei xe` zexveeide dxnd ly drtezl myeine agxna zetivx

.ze`vezl dxezd

llga sivx `l ote`a zvten xe`d ly dibxp`d ditl dgpddy il d`xp dyrnl

divpvqipnelehet ,''xegy-seb ly dpixw'' lr zeitvz ly xzei daeh dpadl dliaen

zerteze lebq `xhle` xe` zervn`a zei
ezw miipxw ly xevii ,(mipehet-hlt)

xy`k ,o`k dpe
py dgpdd itl .xe` ly dxnd e` dhilt zaxern oday zexg`

sivx ote`a zvten `l dibxp`d ,zniieqn d
ewpn hytzdl dligzn xe` oxw

(zehpeew) miwiwlg ly iteq xtqnn zakxen dibxp`d ,l
be jled gtp lrn

(zehpeew) miwiwlg ,ozrepz jldna zewlgzn opi`ye llga zenwenny dibxp`

.
ala zg` dnly d
igik btqidl e` hltidl mileki el`

ize` eliaedy ze
aerde daygnd jld oiay xywd z` `vn` oldly xeaiga

wlg ly mdixwgn xear ziyeniyl jetdz ef han z
ewpy deewza .ef dpwqnl

.xwgna miwqerdnmipiipr okez
4 . . . . ''mixegy-miteb zpixw'' ly dxezd jezn dlery iyewd lr 1

7 . . . . . . . . . . . . ixhpnl` hpeewl rbepa wp`lt ly ezriaw lr 2

8 . . . . . . . . . . . . . . . . . . . . . . . dpixwd ly ditexhp`d lr 3

-xw xear zihnexkepen dpixw ly ditexhp`d xear wegd zlabd 4

9 . . . . . . . . . . . . . . . . . . . . . . . . dkenp zetitv zlra dpi

ly ditexhp`a ziagxn-zelz ly zihxe`iz-zixlewlen dxiwg 5

10 . . . . . . . . . . . . . . . . . . . . . . . . zeledn zeqinzae mifbd
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-xkepen dpixw ly ditexhp`d ly ziagxn-zelz xear iehiad yexit 6

13 . . . . . . . . . . . . . . . . . . . . . . . . onvlea oexwir itl zihne

14 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . qwehq llk lr 7

16 . . . . . . miwven ly dx`d zervn`a zei
ehw miipxw xevii lr 8

18 . . . . . . . . . . lebq `xhle` xe` zervn`a mifb ly divfipei lr 9-miteb zpixw'' ly dxezd jezn dlery iyewd lr 1''mixegy
dxwnd lr aeygpe ,oexhwl`d zxezne leeqwn zxez jezn `vp ,ligzdl zpn lr

fb ly zelewlen xtqn likne mihwltx zexiwa ixnbl swen gtpy gipp .`ad

mdy izn df lr df mixnyn zegek milirtne zeiytega mirp xy` mipexhwl`e

itl fb zelewlenk df mr df miybpzn mdy izn xnelk ,ipyl 
g` miaxwzn

milaben xy` mipexhwl` xtqn yiy sqepa gipp .1 mifbd ly dwihpiwd zxez

-pd itlk mipeeknd zegek zervn`a ipydn 
g` miwegx xy`e agxna ze
ewpl

-xhwl`dy migipn ep` .(ze
ewpdd iwgxn) odiwgxnl milpeivxetexte ze
ew

mipexhwl`de zeiytegd zelewlend mr 
gi xnyn ote`a milret elld mipe

e`xwi ze
ewpl milabend mipexhwl`d .mdil` miaxwzn mipexg`dy rbxa

jyna mihpbnexhwl` milb mihlete mibteq md ;(mixehpefix) ''ze
edz'' mya

.x
ben onf

zxez it lry – oe
pd gtpa dpixwd ,xe`d zhilt lr miieykr zepeirx itl

dpixw''l ddf zeidl zaiig –inpi
 oefi` ly dxwina `vnidl dleki leeqwn

mix
zd lka mi`vnp mixehpefixy migipn ep`y i`pza z`fe –– ''xegy seb ly

.epe
iiy

-l` ly zervennd zeihpiwd zeibxp`d inxz oefi` ly avnay dgpdl dlewy efd dgpdd1
z` yiwdl i
ka ef dgpda xfrp ( Drude) 
ex
 xny ahid re
i .zeey fb zelewlene mipexhw

.miizkzn mikilen ly ilnyg inxz qgi xear ihxe`zd iehiad
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i`pzd z` ytgpe mixehpefixdn zbtqpe zhltpy dpixwd z` gipfp ,dzr zirl

.mipexhwl`de zelewlend oia (zeieybpzd) divw`xhpi`l mi`znd inpi
 oefi`l

ly zrvennd zihpiwd dibxp`dy i`pzd z` milawn fbd ly dwihpiwd zxezn

drepzl dni`znd zrvennd zihpiwd dibxp`l gxkda deey xehpefix oexhwl`

-l xehpefix oexhwl` ly drepz miwxtn ep` m` .fb zlewlen ly zixehlqpxhd

rvennd jxrdy mi`ven ep` f` ,d
epzd ly mipeeika zi

d miikp` mi
nin 3

didi z`fky zix`pil ziz
epz drepz xear E dibxp`d ly

E =
R

N
T,

mxbl ''zeiynnd zelewlend'' xtqn z` onqn N ,fbd reaw z` onqn R xy`k

.(ziheleqa`) zhlgend dxehxtnhd onqn T eli`e (gram equivalent) lewy

zeiyteg zelewlen ly zihpiw dibxp` 2/3-l deey E dibxp`dy jkn raep df

ly zihpiwde zil`ivphetd dibxp`d ly mirvennd onf oky ,ineh`-
g fb ly

dxwina dpixw ly mihwt` minxeb– daiq idyefi`n m` .dfl df mieey xehpefix

zelewlend mr zeieybpzd f` ,E -n le
b e` ohw didi rvennd onfd –epptly

dibxp`d rvenn xy` fbn e` l` dibxp` xarnl liaez miiytegd miipexhwl`de

m` wx okzii inpi
 oefi` ,mip
 ep` ea dxwnd xear ,jkitl .qt`zn epi` ely

.E-l deey didz mixehpefixdn 
g` lk ly zrvennd dibxp`d

dpixwd oiae mixehpefix oia zeybpzd xear dne
 oeriha ynzydl dzr lkep

zgz inpi
 oefi`l i`pzd z` `vn [1℄ wp`lt xn df dxwin xear .llga z`vnpy

`ed ?.zr
d lr zelrl ozipy xzeia i`xw`d jildzk zgwlp dpixwdy dgpdd

`vn

Eν =
L3

8πν2
ρν

,(d
epz aikxl) ν invr-x
z mr xehpefixd ly zrvennd dibxp`d `id Eν xy`k

dpixwd x
z xeriyy gtpd z
igil dibxp`d ρνdν-e x
zd ν ,xe`d zexidn L

e` zzget dpi` ν x
zd ly dpixwd zibxp` m` .ν + dν oial ν oa `ed day
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∗ lawl miaiig ep` f` ,d
nzda dler

R

N
T = E = Eν =

L3

8πν2
ρν ,

milawn jkne

(1) ρν =
R

N

8πν2

L3
T.


g` dpwa dler dpi`y wx `l ,inpi
 oefi`l i`pzk d`vnpy ,efd divlxd

lr hlgen ote`a xa
l ozip `l eply l
enay d`xn mb `id `l` ,miieqip mr

didi mixehpefixd ly mix
zd megzy lkk .xnegde xz`d oia dibxp` zvtd

ep` zeleaba ,agxna xzei dle
b zeidl jetdz dpixwd ziibxp` jk ,xzei le
b

milawn
∫ ∞

0

ρνdν =
R

N

8π

L3
T

∫ ∞

0

ν2dν = ∞.

d
ewpa (Z) ilnygd gekd ly z-d aikx z` gztp :`ad ote`a efd dgpdd z` gqpl lkep∗

ixefgn lkl d`eeyda ei
 le
b onf oiivn T xy`k) t = T oiae t = 0 onfd oia drpy agxna dpezp

diixet xehl (mipe
ipd ze
epzd

Z =

∞
∑

ν=1

Aν sin

(

2πν
t

T
+ αν

)

,

,izexixy ote`a agxna d
ewp dze` z` (xehl) gztl mb ozip .0 ≤ αν ≤ 2π -e Aν ≥ 0 xy`k

mipey mix
z ly mitexivn ,dfky dxwna .dlgzdd ipnf ly zizexixy dxiga i
k jez mizirl

dxevdn dW zeiexazqd (zihqihhq) lawp αν -e Aν mil
bd ly

dW = f(A1, A2, . . . , α1, α2, . . .)dA1dA2 . . . dα1dα2 . . . .

m` zr
d lr zelrdl ozipy xzeia i`xw`d jildzl jetdz dpixwd

f(A1, A2, . . . , α1, α2, . . .) = F1(A1)F2(A2) . . . f1(α1)f2(α2) . . . ,

α e` A-d ly mikxra dielz dpi` α e` A ly oezp jxr xear zexazqdd xy`k ,zxne` z`f

mixg`d
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ixhpnl` hpeewl rbepa wp`lt ly ezriaw lr 2
zixhpnl`d dhpeewdy zriaw ,zniieqn d
in i
k 
r ,jynda ze`xdl epilr

wp`lt xny ''xegy-seb zpixw'' ly dxeza dielz dpi` wp`lt xn i
i lr dpzipy

.xaig envra

erveay miieqipd lk mr 
g` dpwa dler xy` ,ρν xear [2℄ wp`lt ly dgqepd

:`id ,dk 
r

ρν =
αν3

eβν/T − 1
,

,T/V ly mile
b mikxr xear α = 6.10× 10−56, β = 4.866× 10−11. xy`k

z` zlawn efd dgqepd ,ddeab dtetv dpixwe mikex` lb ikxe` xear xnelk

:d`ad zlabend dxevd

(2) ρν =
α

β
ν2T.

leeqwn zxezn 1 sirqa eplaiw dze`y 1 -e 2 ze`eeyn oiay zedfa oigadl ozip

1 ze`eeyn) ze`eeynd izy ly min
wnd z`eeyd i
i lr .oexhwl`d zxezne

milawn ep` ,(2 -e

R8π

NL3
=

α

β

e`

N =
β

α

8πR

L3
= 6.17 × 1023,

wei
a df .mxb 1/N = 1.62× 10−24 `ed onin ly 
g` meh` ly elwyn ,xnelk

zehiy zervn`a e`vnpy mikxr mr mikqn e
ivny ,wp`lt xn ribd eil` jxrd

xzei dle
b zetitvd ziibxp`y lkk :d`ad dpwqnl miribn ep` jkitl .zexg`

epze` ynyny ihxe`zd qiqad jk ,xzei mikex` dpixwd ly milbd ikxe`e

milb ikxe` xear lilk lyki df ihxe`z qiqa ,ok it lr s` ;xzei iyeniyl jetdi

.dkenp dpixw zetitve mixvw

miieqipn ze
aer lr zeqqazd jez ''xegy-seb zpixw''-a oe
p xn`nd jynda

.dpixw ly dvetze dxivi ly han z
ewp `ll
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dpixwd ly ditexhp`d lr 3
wx o`k mixkfene oie mldlie xn ly mqxetn xn`na mi`vnp mi`ad milewiyd

.oei
d zenly jxevl

mipzipd miqgid ef dpixway migipn ep` .v gtp zqtezy dpixw epl yiy gipp

xy`k .†mix
zd lkl ρ(ν) dpixw ziibxp`b mipzep m` ixnbl mirawp ditvl

ditexhp`d ,meg e` d
ear `ll lvtzdl dleki mipey mix
z ly dpixwy migipn

d`ad dxeva azkidl dleki dpixwd ly

S = v

∫ ∞

0

φ(ρ, ν)dν,

-petl φ divwpetd z` mvnvl ozip .v -e ρ mipzynd ly divwpet `id φ xy`k

oia dpixwd ly ditexhp`dy dprhd geqip zervn`a 
g` dpzyn ly divw

diral qpkip `l .ziha`i
` dqig
 i
i lr dpzyn dpi` mihwltixd zexiwd

ly dpixwd weg jezn φ divwpetd ly zxfbpd z` xiyi ote`a xewgp ,la` ,ef

.xegy-seb

ditexhp`dy jk ν ly divwpet z`fk didz ρ ''xegy-seb zpixw'' ly dxwna

xnelk ,zilniqwn didz dibxp` ly oezp jxr xear

δ

∫ ∞

0

φ(ρ, ν)dν = 0,

m` wxe m`

δ

∫ ∞

0

ρν = 0.

miiwzn ν ly divwpetk δρ ly dxiga lk xeary raep o`kn

δ

∫ ∞

0

(

∂φ

∂ρ
− λ

)

δρdν = 0,

ielz epi` ∂φ/∂ρ ,xegy seb zpixw ly dxwna ,jkitl .ν-a dielz izla λ xy`k

.ν-a

dheytd dgpdd z` gepfl epze` miaiign `l miieqipy 
ry oaen .zizexixy dgpd idef†

.dil` 
nvidle jiyndl ozip efd xzeia
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milawn ep` f` ,dT a zl
eb v = 1 gtpa xegyd sebd zpixw ly dxehxtnhd m`

d`eeynd z`

dS = ν=∞
ν=0

∂φ

∂ρ
dρdν,

(ν a ielz `l ∂φ/∂ρ xy`k) e`

dS =
∂φ

∂ρ
dE.

milawn ep` ,jitd jildzde xg`ne sqeezdy megl deey dE -e xg`n

dS =
1

T
dE.

milawn ep` mipexg`d zepeieeyd izy z`eeydn

∂φ

∂ρ
=

1

T
.

dpixwd weg z` lawl ozip φ divwpetd zxfra .xegyd sebd ly dpixwd weg edf

weg jezn φ divwpetd z` lawl ozip divxbhpi` zervn`a ,jtdle ,xegy-seb ly

divwpetdy xekfl epilr xy`k ,φ divwpetd z` lawl lkep xegy-seb ly dpixwd

.ρ = 0 xear znlrp φ-nexkepen dpixw ly ditexhp`d xear wegd zlabd 4dkenp zetitv zlra dpixw xear zih
wegdy xexaa dler dk 
r ''xegy-seb zpixw'' lr ekxrpy zeitvzn

ρ = αν3e−βν/T

wei
a eppi` ''xegy-seb zpixw'' xear (W. Wien) oie xn i
i lr azkp xewnay

.miieqip mr ixnbl ayiizn wegd V/T ly mile
b mikxr xear ,ote` lka .swz

wx zetwz eply ze`vezdy xekfp xy`k ,efd dgqepd lr epaeyig z` qqap
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.zeniieqn zelabn zgz

milawn efd d`eeyndn ,ziy`x

1

T
= −

1

βν

ln
( ρ

αν3

)

milawn ,m
ewd sirqa eplaiwy zeivlxa yeniy zervn`a ,f`e

φ(ρ, ν) = −
ρ

βν

(

ln
ρ

αν3
− 1
)

.

gippe ν + dν -l ν oia drpy zexi
z mr E dibxp` ly dpixw epl yiy gipp ,dzr

didz dpixwd ly ditexhp`d .v `ed dpixwd megzy

S = vφ(ρ, ν)dν = −
E

βν

(

ln
E

vαν3dν
− 1

)

.

dpixwd dqtzy agxna ditexhp`d ly zelzd zxiwgl epnvr z` liabp m`

lawp f` ,v0 agxna dpixwd ly ditexhp`d z` onqn S0 m`e

S − S0 =
E

βν

ln
v

v0

-xhp`d iepiy zriawl miwegd dphw witqn zetitvd xy`ky d`xn ef d`eeyn

iepiy z` miraewd miwegl midf eidi gtpd mr zihnexkepend dpixwd ly dite

dfy ze`eeynd z` yxtp ,oldl .zlle
n dqinz e` mlyen fb ly ditexhp`d

itl ,dwifita bidpd Boltzmann onvlea xny oexwird qiqa lr ep`vn dzr

ly miavnd zexahvd ly divwpet `id zkxrnd ly ditexhp`d df oexwir

.zkxrnd-xhp`a ziagxn-zelz ly zihxe`iz-zixlewlen dxiwg 5zeledn zeqinzae mifbd ly dite
zetekz mizrl miynzyn ixlewlend fbd zxeza ditexhp`d z` miaygn xy`k

`idy itk ''zexazqd'' gpend zx
bdl ddf epi`y oaena ''zexazqd'' dlina
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zetekz mirawp ''izexazqd oeieey ly mixwn'' ,hxta .zexazqdd zxeza zpzip

witqn epid yeniya `vnpy ihxe`izd l
end mda zeaiqpa dxryd i
i lr

xn`na d`x` ip` .ozxryd ipt lr zeiexazqd zwqd si
rdl i
ka hlgen

mya `xwpy dna ynzydl witqn ixnbl zeinxz zerteza mip
 xy`ky 
xtp

miibeld miiywd z` milrdl lke`y deewn ip` jka ,''zihqihhq zexazqd''

geqipa wtzqp df xn`na ,ote` lka .onvlea oexwir ly meyiid lr mi
iakny

.
e`n mi
gein mixwn xear meyiiae illk

dilr lk ,jkl sqepa ,m`e zkxrn ly avn ly zexazqdd lr xa
la oeibd yi m`

-xhp`d f` ,xzei ddeab zexazqd lra avnl xarnk aygidl dleki ditexhp`a

avnd zexazqd z` onqn W1 xy`k ,W1 ly divwpet `id zkxrnd ly S1 dite

f` ,divw`xhpi` mey mdipa oi`y zekxrn izy epl yi ,sqepa ,m` .dly irbixd

meyxl lkep

S1 = φ1(W1), S2 = φ2(W2).

zexazqde S ditexhp` zlra zg` zkxrnk elld zekxrnd izy lr aeygp m`

lawp f` ,W

S = S1 + S2 = φ(W )

mbe

W = W1 · W2,

zg` ielz epi` elld zekxrnd izy ly ly avndy zxne` efd dpexg`d divlxd

.dipya

-y raep elld ze`eeyndn

φ(W1,W2) = φ1(W1) + φ2(W2),

milawn xa
 ly eteqae

φ1(W1) = C ln(W1) + reaw

φ2(W2) = C ln(W2) + reaw

φ(W ) = C ln(W ) + reaw
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ly ekxry raep fbd ly dwihpiwd zxezn ;ilqxaipe` reaw jkitl `ed C l
ebd

`id N -e R mireawd ly zernynd xy`k R/N `ed dfd ilqxaipe`d reawd

zkxrnd ly zizlgzdd ditexhp`d avn m` .lirl dxkfedy zernyn dze`

ote`a f` ,S ditexhp`d avn ly ziqgid zexazqdd `ed W -e S0 `ed dpe
ipd

milawn ep` illk

S − S0 =
R

N
ln W.

zerp ze
ewp n ly xtqn lr aeygpe dad .`ad 
geind dxwna zirk oe
p

xtqn likn agxnde okzii el` ze
ewp 
aln .v0 gtp jeza (zelewlen znbe
k)

-ewpd zrepzl zqgiizny dgpd 
aln .edy beq lkn zexg` ze
ewp ly edylk

,agxna ozrepza miieqn oeeik e` mewn zeti
rn `l ze
ewpd ditle agxna ze


mxtqn .agxna zepe
ipd ze
ewpd zerp mditly miwegd lr xa
 migipn ep` oi`

divw`xhpi`d z` gipfdl lkep ik 
r ohw dk `ed (dligza exkfpy) ze
ewpd ly

.mdipa zi

dd

fb zeidl ,dnbe
l ,dlekiy S0 zniieqn ditexhp` zn`zen dpe
ipd zkxrnl

v0 gtpd llkn v wlg eay dxwn lr dzr aeygp .zlle
n dqinz e` mlyen

.zkxrna dpzyn `l xa
 mey df iepiyn 
alye zerpd ze
ewpd n lk z` likn

-ka onvlea oexwira ynzyp ,S1 dpey ditexhp` jxrl mi`zn dfd avndy xexa

.ditexhp`d ikxr il
ad z` reawl i


l
eb dn e` ?ixewnd avnl qgia dfd avnd ly zexazqdd l
eb iabl l`yp

ielz epi`y ote`a zerpd ze
ewpd n lk eay miieqn izexixy rbxa zexazqdd

mb `idy ,efd zexazqdd xear ?v gtpa (dxwna) ze`vnp v0 gtpa dipya zg`

:milawn ''zihqihhq zexazqd''

W =

(

v

v0

)n

;

:milawn ep` onvlea oexwirne jkne

S − S0 = R
n

N
ln

v

v0

.
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liiea ly wegd z` lawl ozip dpnn xy` ,efd d`eeynd zwqday xirdl i`
k

inpi
enxz ugl ly ibelp`d wegd z` mb enk (Boyle & Gay-Lussac) wqel-iibe

.zelewlend ly drepzd iweg lr idylk dgpda jxev oi` ,2ihenqe`ditexhp`d ly ziagxn-zelz xear iehiad yexit 6onvlea oexwir itl zihnexkepen dpixw ly
iehiad z` ep`vn ,zihnexkepen dpixw ly ditexhp`a gtpd zelz xear ,4 sirqa

S − S0 =
E

βν

ln
v

v0

dxeva efd d`eeynd z` aezkp m`

S − S0 =
R

N
ln

(

(

v

v0

)NE/Rβν

)

,

lawp ,onvlea oexwir z` z`hand zillkd d`eeynd mr dze` deeype

S − S0 =
R

N
ln W,

:d`ad dpwqnl miribn ep` o`kne

(mihwltix zexiwa) dxebq E dibxp`ae ν zexi
za zihnexkepen dpixw m`

iwlgy) v gtp jeza `vnz dpixwd ziibxp` llky zexazqdd f` ,v0 gtp jeza

didz edylk i`xw` irbx onfa (v0 gtpl

W =

(

v

v0

)NE/Rβν

.

:milawn f` ,E `ed zkxrnd ly dibxp`d m`2
−d(E − TS) = pdv = TdS = RT (n/N)(dv/v)

jkitl

pv = R(n/N)T.

13



(Wein) oie ly dpixwd zgqep xy`k ,inpi
enxzd oaena :miwiqn ep` jkn

-iwlgn zakxen `id eli`k zbdpzn dkenp zetitva zihnexkepen dpixw ,dtwz

.Rβν/N l
eba miielz izla dibxp` ly (zehp`eew) miw

wiwlg ly rvennd l
ebd z` ,midf dxehxtnh i`pza ,zeeydl dzr dvxp

dlewlen ly zrvenn zihpiw dibxp` mr ''xegy-seb'' ly dibxp` (dhp`eew)

dlewlen ly zrvennd zihpiwd dibxp`d .zixehlqpxh drepz jezn zraepd

l
eb xear (Wien) oie zgqepny 
era ,
3

2
RT/N -l deey zixehlqpxh drepza

milawn ep` (zihp`eew) ziwiwlg dibxp` ly rvenn

∫ ∞

0

αν3e−βν/T dν
∫ ∞

0

N

Rβν
αν3e−βν/T dν

gtpd zelz i
k 
r ,zbdpzn (di
 dphw zetitv zlra) zihnexkepen dpixw m`

f` ,Rβν/N l
eba dibxp` iwiwlgn akxend sivx `l mei
nk ,ely ditexhp`a

dxeva miiepa xe`d xarne zexveeid ly miwegd m`d xewgl zr
d lr lawzn

.jynda oe
iz ef dl`y .el`k dibxp` iwiwlgn akxen xe`dy z`fkqwehq llk lr 7
(mipehet hlt/hlw) divpvqipinelehet zervn`a dpzydy ihnexkepen xe`a oe
p

mby migipn ep` eplaiw dzr dfy ze`vezl m`zda ;dpey zexi
z lra xe`l

,(R/N)βν l
eba dibxp` iwiwlgn miakxen dpzydy df mbe ixewnd xe`d

ote`a xarnd jildz z` yxtl miaiig ep` jkitl .mi`znd x
zd `ed ν xy`k

-td lkl) i`xg` envra `ede btqp ν1 zexi
za izlgzd dibxp` wiwlg lk :`ad

-xveeidl (di
 dphw izlgzdd dibxp`d wiwlg ly zetitd zwelg xy`k zeg

mb znxeb izlgzdd xe`d wiwlg zbitqy okzii ;ν2 zexi
za xe` wiwlg ze

ly mixg` mibeqe ν3, ν4, . . . ly zeiexi
za mixg` xe` iwiwlg ly zexveeidl

-eqd d`vezl minxeb miipia ikildz dfi` dpyn df oi` .(meg dnbe
l) dibxp`

14



`l xewnk lg divpvqipnelehetd jildz eilry xnegd z` migwel ep` m` .zit

xeniy weg itl) dleki `l iteq xe` wiwlg ly dibxp`d f` ,dibxp` ly sivx

lawl miaiig ep` jkitl ;izlgzdd xe`d wiwlg ly efn dle
b zeidl (dibxp`d

i`pzd z`

R

N
βν2 ≤

R

N
βν1, or ν2 ≤ ν1

.qwehq ly re
id wegd edf

,mieey mi`pzd x`ye dkenp dxe`zdyk eply zepeirxd itly yib
dl epilr

mxeb izlgzd wiwlg lk xy`k ,ipynd xe`l zilpeivxetext xvepy xe`d znver

dibxp` iwiwlg ly mzlerta ielz epi`y ote`a ,lirl oiievy beqdn jildzl


r ipynd xe`d ly dnverd xear oezgz leab didi `l ,
geina .mixg` miipyn

.divpvqipnelehet xevil lkei `l xe`dy jk i
k

:mi`ad mixwna zixyt` qwehq wegn diihq ,lirl ebvedy zepeirxd itl

zeivnxetqpxha miaxernd gtp z
igil dibxp`d iwiwlg xtqn xy`k .1

ely dibxp`d z` biydl leki xviin xe`dy dibxp`d wiwlgy jk ei
 le
b

.dibxp` iwiwlg dnkn

dni`zn dpi` (iteqd e`) izlgzdd xe`d ly dibxp`d ,oie weg itl ,xy`k .2

i
i lr wten izlgzdd xe`d xy`k ,lynl ,''xegy-seb ly dpixw'' xear

ikxe` xear swez oi` oie wegly jk ddeab jk lk dxehxtnha `vnpy seb

.epe
ipy milbd

,o`k epgzity zepeirxd itl .z
gein al zneyzl dwewf efd dipyd zexyt`d

,
e`n zlle
n didzy elit` ,"zipie-dpi`y dpixw"-y zexyt` llkn `ivedl oi`

.swz oie weg ea xef`a ''xegy-seb ly dpixw''-n dpey ihbxp` ote`a zbdpzn
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miwven ly dx`d zervn`a zei
ehw miipxw xevii lr 8
drp `id eay agxna sivx ote`a zvten xe`d ly dibxp`d eitl izxbiyd oeirxd

itk ,zixhwl`-ehetd drtezd z` xiaqdl miqpn xy`k miaexn miiyw xxern

[3℄ .
x`pl xn ly ivelgd xn`na riten `idy

zen
l ozip ,Rβν/N l
eba dibxp` iwiwlgn akxen ipyn xe`y oeirx m`zda

-x
eg dibxp` iwiwlg :`ad ote`a xe` zervn`a zei
ehw miipxw ly xevii

-td lkl ,zxaren odly dibxp`de ,sebd ly ipevigd ghynd zaky jezl mi

zen
l ozip xzeia heytd ote`a .oexhwl` ly zihpiw dibxp`l ziwlg ,zeg

dfy gipdl epilr ;

ea oexhwl` jezl ely dibxp`d lk z` xiarn xe` wiwlgy

wx milawn dibxp`dy zexyt` llkn `ivedl oi` dxwn lka .dxew ok`y dn

-iw dibxp` lawny oexhwl` .xe`d iwiwlgn mdil` zxaereny dibxp`dn wlg

ghynl ribi `ed xy`k ely zihpiwd dibxp`dn wlg 
iqti sebd jeza zihp

zxvep sebd z` miafer mipexhwl`dy rbxay gipdl epilr ok lr xzi .ipevigd

mi`vnpe sebdn mi`veiy mipexhwl` .sebd beql m`zda zpiite`ny P d
ear

dibxp`d .xzei ddeab zilnxep zexidn mr sebd z` eafri sebd mr zexyi zeiefa

`id el`k mipexhwl` ly zihpiwd

R

N
βV − P

zil`ivphet zekilen ly daiaqa `vnpe Π iaeig l`ivpheta oerh sebd m`

lawl miaiig ep` f` ,sebdn lnyg 
eai` repnl leki Π m`e zqte`n

Πǫ =
R

N
βν − P

e` ,oexhwl`d ly zilnygd dqnd `ed ǫ xy`k

(3) ΠE = Rβν − P ′,
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eli`e oei ly 

ea jxr ly (gram equivalent) lewy mxb ly orhn `ed E xy`k

†.sebl qgia ililyd lnygd ly zenkd l`ivphet `ed P ′

mew`ea oixwnd seb ly mihleea dpixwd l`ivphet f` ,E = 9.6× 103 aivp m`

.Π × 10−8 didi

oiae (l
eb ly x
ql 
r) o`k dil` eprbidy divlxd oia zeni`z we
al i
k

ilebq-`xhle`d leabl m`zda) ν = 1.03× 1015 -e P ′ = 0 aivdl epilr ,miieqip

,hlee 4.3 = Π× 107 lawp .β = 4.866× 10−11 aivdle (ix`leqd mexhwtqd ly

[3℄ .
x`pl xn ly eize`vezl dni`zn l
eb ly oaenay d`vez

-xw mixiv zkxrn lr Π z` mixiivn xy`k f` ,dpekp o`k eplaiwy dgqepd m`

dfd ewd ly remtiyd ,xyi ew milawn ipynd e`d xi
z ly divwpetk zifh

.
nlpd xnegd ly eraha ielz epi`

-etd dlertd zepekzl dxizqa mi
ner `l eply zepeirxd ,d`ex ip`y dn itl

ipynd xe`d ly dibxp` wiwlg lk m` .wp`lt xn i
i lr etvpy zixhwl`eh

,mixg`d miwiwlga ielz epi`y ote`a mipexhwl`l ely dibxp`d z` xiarn

dielz didz `l (zlawzny zi
ezwd dpixwd zeki`) mipexhwl`d zwelg f`

mipexhwl`d xtqn ,mieey mi`pzd lk xy`k ,ipy 
vn ;ipynd xe`d znvera

[3℄ .ipynd xe`d znverl ilpeivxetext zeidl aiig sebd z` miafery

el`l zene
y zexrd xevil lkep ,elld miwegd ly miigxkdd zeleabl rbepa

.qwehq wegn zigxkdd diihqd lr epxrdy

ipynd xe`d ly dibxp`d iwiwlgn wlg zegtl ly dibxp`dy gipp ep` jynda

d`eeyn mewna f` ,z`fd dgpdd z` migipn `l m` .

ea oexhwl`l zxaeren

milawn epiid 3

Π + P ′
≤ Rβν.

zilxhp dlewlenn 

ea oexhwl` xxgyl i
k zniieqn d
ear zenk dyex
y migipn m`†

migpend izy ly mekqk P z` zgwl witqn ;efd divlxd iepiya jxev oi` f` ,xe` zervn`a

.elld
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dne
 dprh milawn ,ea ep
 dzr dfy jildzdn jtidd edy ,i
ezw xe` xear

ΠE + P ′
≥ Rβνi.

i
ka oky ,Rβν -n xzei le
b didi 
inz ΠE ,
x`pl xn i"r xwgpy xnegd xear

ze`n zevgl zeaiig zei
ezwd miipxwd (iliafie) ea zetvl ozipy xe` xevil

epilr jkitl [3℄ .mixg`d mixwna mihlee itl`e miniieqn mixwna mihlee ly

xe` ziibxp` iwiwlg zxiviil zynyn oexhwl` ly zihpiwd dibxp`dy gipdl

.miaxlebq `xhle` xe` zervn`a mifb ly divfipei lr 9
wiwlg (
inz) if` ,lebq-`xhle` xe` zervn`a opein fb xy`ky gipdl epilr

dibxp`dy raep o`kn .fb ly 
ala zg` dlewlen oepiil ynyn 
g` xe` ly dibxp`

`l dlewlen ly (oepiil zigxkd ihxe`iz ote`ay dibxp`d ,xnelk) zppeind

z` xviil lbeqny btqp xe` wiwlg ly dibxp`dn xzei dle
b zeidl dleki

''lewy mxb'' -l zppiind dibxp`d z` (zihxe`z) onqn J m` .oepiid hwt`

lawl miaiig ep` f` ,(gram equivalent)

Rβν ≥ J.

-aqa `ed xie` xear ziaihwt` xzeia le
bd lb-jxe`d ,
x`pl ly ze
i
nd itl

e` ,n"q 1.9 × 10−5 zeai

J ≤ mibx` 6.4 × 1012 = Rβν.

.oepiid ziibxp` xear oeilr leab mb lawl lkep lle
n fba mihlee oepii zervn`a

z
ep` xear) d
i
nl ozipy xzeia ohwd i`hleed oepiid [4℄ wx`hq odei it lr

xeriya oeilr mqg eplaiw jkitl † .hlee xyrd zeaiaqa epid xiee`a (meipihlt

.5 it le
b ,dxwn lka ,didi ilily oei xear i`hleed oepiid ,fbd ly mipta†
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zxg` dklyd dpyi .m
ew eplaiwy dnl jxra deeyy J xear 9.6 × 1012 ly

dibxp` wiwlg lk m` .dle
b zeaiyg zlrak il zi`xpy ieqip zervn`a dwi
ad

btqipd xe`d znver oia ipeivlx xyw miiw f` ,dlewlen opiin btqipy xe` ly

j xe`d i
i lr mippeind milend xtqn oial L

j =
L

Rβν
.

dtiwz zeidl dkixv efd divlxd f` ,ze`ivnd z` min`ez eply zepeirxd m`

.oepii zleki i`e zxkip dbitq lra epi`y (mi`zn x
za) fb lk xear
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