Lecture 10 Topics

* Bose-Einstein Statistics Applications
— Blackbody radiation by photons

— Laser: Light ampilification by the stimulated
emission of radiation



Three distributions

Distribution | QOccupation Particles | Identical | Spin Distingui- | Exclusion
index particles? shable? principle?
Boltzman 1 Classical Any Yes No
FoE ket No spin
Bose- 1 Bosons Yes 0 or No No
Einstein BeE/kET _q integer
spin
Fermi- 1 Fermions | Yes 1/2 No Yes
Dirac BeE/ kBT 4 4




TABLE 12.2 Commonly produced hadrons

Hadrons

Mass Lifetime, 7 Mass Strange- Lifetime, 7
Baryons (MeVic?) 1,1, (or width fi/7) Mesons  (MeV/e?)  Spin ness 1,1, (or width fi/7)
p (uud) 938 ! L+ =102y 7+ (ud) 140 0 0 I, +1 26x% 10785
n (udd) 940 > 5.—5 889s 7%(ul + dd) 135 0 0 1,0 84x107Vs
X7 (uus) 1189 4 1,+1 80x10°"s | 7 (du) 140 0 0 =1 26x%107%s
29 (uds) 1193 3 1.0 74%10725 | K*(us) 494 0+l 3.+ 12X 1078s
A" (uds) 1116 3 0.0 26x1071%5 | Ki(ds,sd) 498 ' 0 mix Lmix 89x107Vs
S (dds) 1197 3 1,-1 1.5x10710s | K%(d5, sd) 498 0 mix jomix 52 x107%s
=0 (uss) 1315 3 L—3 29x%107%s | K (su) 494 0 I -3 12%107%s
= 1 Ll ~10 4 =
SR 1321 2 e LX) 769 | 0 1L+l 151 MeV
AT (uw) 1232 3 L+3  120MeV PO(ui + dd) 769 | 0 1.0 151 MeV
A" (uud) 1232 3 3L+ 120Mev p~(du) 769 I 0 1,—1 151 MeV
A% (udd) 1232 i -3 120MeV K™ (us) 892 I+ L+ 50Mev
A~ (ddd) 1232 3 3, -3 120MeV K*O(d5) 896 | +1 L1 siMev
47 (uus) 1383 2 1.+1 ~40 MeV K"0(sd) 896 1 =1 L4y 51 MeV
£ (uds) 1384 3 L0 ~40MeV K'(sti) 892 1 -1 L=l s0Mev
$* (dds) 1387 3 1,—1 —~40MeV T

5 Heavy mesons—containing quarks beyond the strange

=*0 (uss) 1532 5 5, -04% ~10 MeV
e~ (dss) 1535 3 L=l ~10Mev 1/ (<€) 3100 I 0 0.0 87 keV
Q" (sss) 1672 : 0,0 82x10° Mg | Y(bb) 9460 ! 0 00 ~50keV




TABLE 12.1 Fundamental forces and particles

Force Gravitation Electroweak Strong Residual

s — —

Strength

Range

Mediating Bosons s, nd

Sp 0
140, 135

*1,0

Neutral
Quarks
Participants in gravitation, electroweak, and strong
Spin Mass Charge  Color charge

Up,u %

Down, d |

Strange. s %

Charm, ¢ !

Bottom, b %

Top. t :




Energy Density

Blackbody radiation
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Stefan-Boltzmann law: The intensity of radiation oc T%



Energy Density

Blackbody radiation

Figure 6.24
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Stefan-Boltzmann law: The intensity of radiation o< T%

Wien’s law: The frequency associated with the maximum energy intensity
Is proportional to T



Rayleigh-Jeans Approach

Consider a cubic cavity of Lx L x L

The number of permissible states can be written as:
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Rayleigh-Jeans Approach

Consider a cubic cavity of Lx L x L

The number of permissible states can be written as:
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The number of permissible states can be written in terms of A

1
N(n)dn = EKE dnrnidn =



Rayleigh-Jeans Approach

Consider a cubic cavity of Lx L x L

The number of permissible states can be written as:

. n, =0,1,2..
n,==—=123,. ... 2L . n, =0,1,2..
n® =ns+ns+ns=((—) where
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2L
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The number of permissible states can be written in terms of A

L. 2 2L\*r 2L N ggIPdi 8aVda
N(n)dn = 2x— 4nn’dn = nn’dn = (—)(—ﬂ:ﬂ.) et =_
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Rayleigh-Jeans Approach

Since
c dv
2

A=% anddi= —
v v

The number of permissible statesin terms of v

Smldd




Rayleigh-Jeans Approach

Since
c c dv

A=— anddA= ———
Vv pe

The number of permissible statesin terms of v

N(n)dn = — 7 == =—v°dv = N(v)dv
)

BTIF.:L?L_ BTIL’( r:riv) s8mlm

i c

. the energv radiation rate can be expressed in terms of v

8uVk,T
C'E

-
=

vedv

u(v)dv = kg TN(v)dv=



Planck’s Hypothesis

E, = nhv
_E
_ EHE?!E kB.'l.'-
E= ) E,P(E) = e
En ) kpT



Planck’s Hypothesis

E, = nhv
Ep_ _nhv
3 Y E e kT X nhve 8T
E:ZE’*P(E’J: B _mRv
|
nhy nhy

Since 0 == e *BT = 1 and consider e *ET = x



E, = nhv

E=Zanp(5nj -

Planck’s Hypothesis

_'E.'.I._ _?Ehl’
- kgT

Y E ¢ kBT:EnﬂFwe B
_En _nhv

_ nhwy _ nhy
Since 0 == e *BT = 1 and consider e *ET = x



Planck’s Hypothesis

E, = nhv
B _zhv
_ _ X,E,e %7 _X,nhve s
X, e kB X, e ks
|
_ mhw _ v

Since 0 = e *BT < 1 and consider e *BT = x

F = hu T nx' Using the following sums when |x| < 1

no 1
Enx Ex”= ; Enx”
1—x

n=0 n=0

T @-x?




Planck’s Hypothesis

E, = nhv
_En _nhv
_ Y.E,e T X, nhve kT
E:ZE’*P(E’J: B _mRv
|
_ nhy _ nhy
Since 0 < e *BT =2 1 and consider ¢ *BT = x
= T, nx Using the following sums when |x| < 1
E = h’l-"—.l 8 o o
E.—L x no_ 1 n_— -
T L™ T A
n=>0 n=0
= T nxt __ﬂw. X 1
E=h E'l n—h’li'l_ —hFTzh’l-" T =h11'—',lw—
X o 1-x x —
1-x g RBT 4



= Ennxn
E = hv T
= T, onx"
E = hv T

Planck’s Hypothesis

. / Energy

E _ nhv
kgT kgT
Y E e ¥B =Enﬂhve B
_ K _.'rzi'n-'
knT knT
e kB X, e ks

mhw
Since 0 == e *BT < 1 and consider e

Using the following sums when |x| < 1

yorest
1—

n=0

1

(1-x72 x

= hy— = hv——= hv
= 1—x -1 v
1-x g KRBT

nhy
Boltzman 1
BEEHkET
Bose- 1
Einstein BeE/kBT — 1
Fermi- 1
Dirac BeE/kBT + 1
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The number of permissible states can be rewritten in terms of energv

E 1
E=hvn:ﬂdv=E ﬂ:ﬂdd’t’:EfiE

E, = nhv
The total number of permissible states in terms of E would be
8l
N(E)dE = —E*dE
Therefore, Density of States would be
Sl
D(E) = =5 E°
E=["EN(E)D(E)E = [ L (E”” E:)dﬁ’
o 0 gSRET_q \pEcE

Use E = kgTx



Planck’s Hypothesis

E, = nhv

H-_."z-i._.-ﬁ
D(E)= ~—: VE

T

E = fu“" EN(E)D(EYAE = fu“’ ;m%?-_—l(%.ﬁ'z)dﬁ'

Use E = kgTx

_ETﬂ-"J’kaql x* "
C h3e? (ksT) e¥ —1




Planck’s Hypothesis

E, = nhv

BfTrr 15
m- ' VA2 —

D(E)= "=~ VE

E= .rum EN(E)D(E)E = .r: EE.-';ng_l (:;; E:)dﬁr

Use E = kgTx
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Planck’s Hypothesis

E, = nhv

BfTrr 15
m- ' VA2 —

D(E)= "=~ VE

E= .rum EN(E)D(E)E = .r: EE.-';ng_l (:;; E:)dﬁr

Use E = kgTx
gnlV = , X snV(k;T)* =* 8Vm kz
~ 73.3 [kE'T] dx = 3 -3 = 3 -3
h*c g e¥ — 1 h*c 15 h*c

Stefan-Boltzman’s law




Planck’s Hypothesis

hv® Sl
dE = ( ) dv

i
Ehv.-kBI'_ 1 I:.EI

238THz 476 THz f
(1260 nm) (630

N

Wien’s Law




LASER

Figure 9.21 Coherent versus incoher-
ent light.

Light Amplification by the Stimulated
Emission of Radiation
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Einstein’s theory

Spontaneous Emission: B4

Es‘r.m = "qs'r.m NE



Einstein’s theory

Spontaneous Emission: A
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Einstein’s theory

S t Emissi . Tf\. ° _./f £
pontaneous emission: \ / = /
\ \ 4
= B
= % \/
Efl"ﬂﬂ' ‘qjl?jﬂ N: Spontaneous emission
N —J{/ \ /
Absorption: oy
s\‘—o—;f— — \ /—
_ \/ \ /
Rﬂbj' - BEbENIF[ﬂE] Y .
Absorption

The number of photons with the energy difference




Einstein’s theory

Spontaneous Emission: o \ﬁw £
\ /e \ /
VY
R =A__N, M
j‘ﬂﬂ jl?jﬂ = Spontaneous emission
Ab . _— i
sorption: /
p N\"Q—T— —\\ /_
— \/ \ /
Rﬂbj' — BEbENIF[ﬂE] ) =
Absorption
The number of photons with the energy difference
Stimulated Emission: i A i
—;'—0 —"f— - \ /N
R, = BN, F("j“-c‘r] ~\——/L _ﬁ\\f. P
\\Jv \ /

Stimulated emissior




Einstein’s theory

Spontaneous Emission: A——Ff  A—£
v Y
— \\\/ l\//
Efl"ﬂﬂ' _ HWEN: Spontaneous emission
i el
Absorption: N~/
P 7 B8 Y
— \/
Rﬂbj' o BEbENIF[ﬂE] > '
————— Absorp
The number of photons with the energy difference
Stimulated Emission: A\ A B
R, = B.;N,Y(AE) =& B
\\J/ N
Stimulated emissior

Emission = Absorption




Einstein’s theory

Emission = Absorption

RS‘,".'JE-' + RE‘EE = Rﬂbﬂ



Einstein’s theory

Emission = Absorption

R.,.TH, =R

spo abs

Fti

AN, + B_;N,Y(AE) = B, N, Y (AE)



Einstein’s theory

Emission = Absorption

Rupo +Re; = R

spo abs

‘qrpﬂNE + EEEENEF[&E] = Eﬂngly[ﬂE]

[BEbSNl o Eﬂ'z’ NE]F['&E] = "'q'j"itilﬂ NE
},(&E] — ‘qrpﬂ NE — ‘qs-pﬂ-ffgﬂbs — ‘qs-pp."lllgﬂbs
(BubsN1 - E_m' N:] E:L _ _Bm_ gAE/kpT _ _Bit:_
NE Eﬂbs abs
E Eq

Since Ny« e *BT and N, cc e BT



Einstein’s theory

Emission = Absorption

RS‘,".'JE-' _I_ RE‘EE =R

abs

‘qrpﬂNE + EEEENEF[&E] = Eﬂngly[ﬂE]

(EEbSN:L - EEEENEFJF['&E] = "'q'j"i'::lﬂ' NE

?[:ﬂE:] "'q N ‘quﬂ!flgrzbf
(B,yNy — B N,Y) %1 EBﬂL
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if N, =N,
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Population Inversion!!!
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