
Lecture 10
Atomic and Quantum Physics 

Ch 27 & Ch 28 



You may ignore 28.6 
and 28.7



Need$for$Quantum$Physics$

•  Problems$remained$from$classical$mechanics$that$
rela6vity$didn�t$explain.$

•  Blackbody$Radia6on$
–  The$electromagne6c$radia6on$emi@ed$by$a$heated$
object$

•  Photoelectric$Effect$
–  Emission$of$electrons$by$an$illuminated$metal$

•  Spectral$Lines$
–  Emission$of$sharp$spectral$lines$by$gas$atoms$in$an$
electric$discharge$tube$

Introduc6on$



Development*of*Quantum*Physics*

•  1900*to*1930*
– Development*of*ideas*of*quantum*mechanics*

•  Also*called*wave*mechanics*
•  Highly*successful*in*explaining*the*behavior*of*atoms,*
molecules,*and*nuclei*

•  Involved*a*large*number*of*physicists*
–  Planck*introduced*basic*ideas.*
– MathemaGcal*developments*and*interpretaGons*
involved*such*people*as*Einstein,*Bohr,*Schrödinger,*
de*Broglie,*Heisenberg,*Born*and*Dirac.*

IntroducGon*



Blackbody*Radia-on*

•  An*object*at*any*temperature*emits*
electromagne-c*radia-on.*
– Also*called*thermal(radia+on.*
– Stefan�s*Law*describes*the*total*power*radiated.*
– The*spectrum*of*the*radia-on*depends*on*the*
temperature*and*proper-es*of*the*object.*
•  The*spectrum*shows*a*con-nuous*distribu-on*of*
wavelengths*from*infrared*to*ultaviolet.*

Sec-on*27.1*

Blackbody*Radia-on*–*Classical*View*
•  Thermal*radia-on*originates*

from*accelerated*charged*
par-cles.*

•  Problem*in*explaining*the*
observed*energy*
distribu-on**

•  Opening*in*a*cavity*is*a*
good*approxima-on*

•  The*nature*of*the*radia-on*
emiCed**through*the*
opening*depends*only*on*
the*temperature*of*the*
cavity*walls.*

Sec-on*27.1*

Blackbody Radiation



Blackbody*Radia-on*Graph*
•  Experimental*data*for*

distribu-on*of*energy*in*
blackbody*radia-on*

•  As*the*temperature*
increases,*the*total*amount*
of*energy*increases.*
–  Shown*by*the*area*under*the*

curve*
•  As*the*temperature*

increases,*the*peak*of*the*
distribu-on*shiBs*to*shorter*
wavelengths.*

Sec-on*27.1*

Wien�s&Displacement&Law&

•  The&wavelength&of&the&peak&of&the&blackbody&
distribu<on&was&found&to&follow&Wein�s&
Displacement&Law.&
– λmax&T&=&0.2898&x&10F2&m&•&K&
•  λmax&is&the&wavelength&at&which&the&curve&peaks.&
•  T&is&the&absolute&temperature&of&the&object&emiJng&
the&radia<on.&

Sec<on&27.1&



The$Ultraviolet$Catastrophe$
•  Classical$theory$did$not$match$

the$experimental$data.$
•  At$long$wavelengths,$the$

match$is$good.$
•  At$short$wavelengths,$classical$

theory$predicted$infinite$
energy.$

•  At$short$wavelengths,$
experiment$showed$no$energy$

Sec=on$27.1$ Planck�s(Resolu-on(

•  Planck(hypothesized(that(the(blackbody(radia-on(
was(produced(by(resonators.(
–  Resonators(were(submicroscopic(charged(oscillators.(

•  The(resonators(could(only(have(discrete,energies.(
–  En(=(n(h(ƒ(

•  n(is(called(the(quantum,number(
•  ƒ(is(the(frequency(of(vibra-on(
•  h(is(Planck�s,constant,(6.626(x(10H34(J(s(

•  Key(point(is(quan-zed(energy(states(

Sec-on(27.1(



Max$Planck$

•  1858$–$1947$
•  Introduced$a$�quantum$
of$ac;on,�$h$

•  Awarded$Nobel$Prize$in$
1918$for$discovering$the$
quan;zed$nature$of$
energy$

Sec;on$27.1$

Quan%zed)Energy)

•  Planck�s)assump%on)of)quan%zed)energy)
states)was)a)radical)departure)from)classical)
mechanics.)

•  The)fact)that)energy)can)assume)only)certain,)
discrete)values)is)the)single)most)important)
difference)between)quantum)and)classical)
theories.)
– Classically,)the)energy)can)be)in)any)one)of)a)
con%nuum)of)values.)

Sec%on)27.1)
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If a quantum of radiation has an energy of 2.0 keV, what is its wavelength? (h = 6.63 x 10!34 Js, 1 eV = 1.60 x 10-19 J, 
c = 3.00 x108 m/s, and 1 nm = 10-9 m) 
a.0.32 nm 
b.0.41 nm 
c.0.62 nm 
d.1.02 nm 
!
What is the surface temperature of a distant star (which emits light as if it were a blackbody) where the peak 
wavelength is 480 nm? (Hint: The surface of the human body at 35° C has a peak wavelength of 941 ìm). (1 nm = 10-9 

m = 10-3 ìm) 
a.4 510 K 
b.5 100 K 
c.6 040 K 
d.6 350 K 
!
Star A has the peak of its blackbody radiation at ëA. Star B has its peak at ëB, which is one-fourth that of ëA. If Star A’s 
surface temperature is TA, how does the surface temperature TB of Star B compare? 
a.TB = 16 TA 
b.TB = 4 TA 
c.TB = TA/4 
d.TB = TA/16 
!
A quantum of radiation has an energy of 2.0 keV. What is its frequency? (h = 6.63 x 10-34 Js and 1 eV = 1.60 x 10-19 J) 
a.3.2 x 1017 Hz 
b.4.8 x 1017 Hz 
c.6.3 x 1017 Hz 
d.7.3 x 1017 Hz !



Photoelectric Effect

Photoelectric*Effect*Schema0c*
•  When*light*strikes*E,**

photoelectrons*are*emi8ed.*
•  Electrons*collected*at*C*and*

passing*through*the*
ammeter*create*a*current*in*
the*circuit.*

•  C*is*maintained*at*a*posi0ve*
poten0al*by*the*power*
supply.*

Sec0on*27.2*



Photoelectric*Current/Voltage*Graph*

•  The*current*increases*with*
intensity,*but*reaches*a*
satura:on*level*for*large*
ΔV�s.*

•  No*current*flows*for*
voltages*less*than*or*equal*
to*–ΔVs,*the*stopping(
poten*al.(

Sec:on*27.2*



More%About%Photoelectric%Effect%

•  The%stopping%poten6al%is%independent%of%the%
radia6on%intensity.%

•  The%maximum%kine6c%energy%of%the%
photoelectrons%is%related%to%the%stopping%
poten6al:%%KEmax%=%eΔVs%

Sec6on%27.2%

Features(Not(Explained(by(Classical(
Physics/Wave(Theory(

•  No(electrons(are(emi=ed(if(the(incident(light(
frequency(is(below(some(cutoff&frequency&that(
is(characterisBc(of(the(material(being(
illuminated.(

•  The(maximum(kineBc(energy(of(the(
photoelectrons(is(independent(of(the(light(
intensity.(

SecBon(27.2(

Intensity vs wavelength?

More%Features%Not%Explained%

•  The%maximum%kine7c%energy%of%the%
photoelectrons%increases%with%increasing%light%
frequency.%

•  Electrons%are%emi?ed%from%the%surface%almost%
instantaneously,%even%at%low%intensi7es.%

Sec7on%27.2%



Einstein�s'Explana,on'
•  A',ny'packet'of'light'energy,'called'a'photon,'would'be'emi<ed'

when'a'quan,zed'oscillator'jumped'from'one'energy'level'to'the'
next'lower'one.'
–  Extended'Planck�s'idea'of'quan,za,on'to'electromagne,c'radia,on'

•  The'photon�s'energy'would'be'E'='hƒ'
•  Each'photon'can'give'all'its'energy'to'an'electron'in'the'metal.'
•  The'maximum'kine,c'energy'of'the'liberated'photoelectron'is'

KEmax'='hƒ'–'φ'
•  φ'is'called'the'work%func*on%of'the'metal'

Sec,on'27.2'



Explana'on)of)Classical)
�Problems�)

•  The)effect)is)not)observed)below)a)certain)cutoff)
frequency)since)the)photon)energy)must)be)greater)
than)or)equal)to)the)work)func'on.)
– Without)this,)electrons)are)not)emiCed,)regardless)of)the)
intensity)of)the)light)

•  The)maximum)KE)depends)only)on)the)frequency)and)
the)work)func'on,)not)on)the)intensity.)
–  The)absorp'on)of)a)single)photon)is)responsible)for)the)
electron�s)kine'c)energy.)

Sec'on)27.2)

More%Explana,ons%

•  The%maximum%KE%increases%with%increasing%
frequency.%

•  The%effect%is%instantaneous%since%there%is%a%
one=to=one%interac,on%between%the%photon%
and%the%electron.%

Sec,on%27.2%

Verifica(on+of+Einstein�s+Theory+

•  Experimental+
observa(ons+of+a+linear+
rela(onship+between+KE+
and+frequency+confirm+
Einstein�s+theory.+

•  The+x?intercept+is+the+
cutoff+frequency.+

Sec(on+27.2+

Cutoff&Wavelength&

•  The&cutoff&wavelength&is&related&to&the&work&
func8on.&

•  Wavelengths&greater&than&λC&incident&on&a&
material&with&a&work&func8on&φ&don�t&result&in&
the&emission&of&photoelectrons.&

Sec8on&27.2&



Photocells)

•  Photocells)are)an)applica/on)of)the)
photoelectric)effect.)

•  When)light)of)sufficiently)high)frequency)falls)
on)the)cell,)a)current)is)produced.)

•  Examples)
– Streetlights,)garage)door)openers,)elevators)

Sec/on)27.2)
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!
!
If a monochromatic light beam with quantum energy value of 3.0 eV incident upon a photocell 
where the work function of the target metal is 1.60 eV, what is the maximum kinetic energy of 
ejected electrons? 
a.4.6 eV 
b.4.8 eV 
c.1.4 eV 
d.2.4 eV 
!
According to Einstein, as the wavelength of the incident monochromatic light beam becomes 
shorter, the work function of a target material in a phototube: 
a.increases. 
b.decreases. 
c.remains constant. 
d.is directly proportional to wavelength. 
!
A monochromatic light beam is incident on a barium target, which has a work function of 2.50 eV. 
If a stopping potential of 1.0 V is required, what is the light beam photon energy? 
a.1.0 eV 
b.1.5 eV 
c.2.5 eV 
d.3.5 eV 



X Rays

X"Rays'

•  Discovered'and'named'by'Rӧntgen'in'1895'
•  Later'iden:fied'as'electromagne:c'radia:on'
with'short'wavelengths'
– Wavelengths'lower'(frequencies'higher)'than'for'
ultraviolet'

– Wavelengths'are'typically'about'0.1'nm.'
– X"rays'have'the'ability'to'penetrate'most'
materials'with'rela:ve'ease.'

Sec:on'27.3'



Produc'on)of)X,rays,)1)
•  X,rays)are)produced)when)

high,speed)electrons)are)
suddenly)slowed)down.)
–  Can)be)caused)by)the)electron)

striking)a)metal)target)
•  Heat)generated)by)current)in)

the)filament)causes)electrons)
to)be)emiAed.)

•  These)freed)electrons)are)
accelerated)toward)a)dense)
metal)target.)

•  The)target)is)held)at)a)higher)
poten'al)than)the)filament.)

Sec'on)27.3)



X"ray&Spectrum&
•  The&x"ray&spectrum&has&two&

dis6nct&components.&
•  Con6nuous&broad&spectrum&

–  Depends&on&voltage&applied&
to&the&tube&

–  Some6mes&called&
bremsstrahlung&

•  The&sharp,&intense&lines&
depend&on&the&nature&of&the&
target&material.&

Sec6on&27.3&



Produc'on)of)X,rays,)2)
•  An)electron)passes)near)a)

target)nucleus.)
•  The)electron)is)deflected)

from)its)path)by)its)
a?rac'on)to)the)nucleus.)
–  This)produces)an)accelera'on)

•  It)will)emit)electromagne'c)
radia'on)when)it)is)
accelerated.)

Sec'on)27.3)

Wavelengths+Produced+

•  If+the+electron+loses+all+of+its+energy+in+the+
collision,+the+ini7al+energy+of+the+electron+is+
completely+transformed+into+a+photon.+

•  The+wavelength+can+be+found+from+

Sec7on+27.3+

Wavelengths+Produced,+Cont.+

•  Not+all+radia7on+produced+is+at+this+minimum+
wavelength.+
– Many+electrons+undergo+more+than+one+collision+
before+being+stopped.+

– This+results+in+the+con7nuous+spectrum+produced.+

Sec7on+27.3+



X-Ray Diffraction

Diffrac'on*of*X-rays*by*Crystals*

•  For*diffrac'on*to*occur,*the*spacing*between*the*
lines*must*be*approximately*equal*to*the*wavelength*
of*the*radia'on*to*be*measured.*

•  The*regular*array*of*atoms*in*a*crystal*can*act*as*a*
three-dimensional*gra'ng*for*diffrac'ng*X-rays.*

Sec'on*27.4*

Schema'c(for(X-ray(Diffrac'on(
•  A(beam(of(X-rays(with(a(

con'nuous(range(of(
wavelengths(is(incident(on(
the(crystal.(

•  The(diffracted(radia'on(is(
very(intense(in(certain(
direc'ons.(
–  These(direc'ons(correspond(to(

construc've(interference(from(
waves(reflected(from(the(layers(
of(the(crystal.(

•  The(diffrac'on(paAern(is(
detected(by(photographic(
film.(

Sec'on(27.4(



Photo%of%X(ray%Diffrac0on%Pa2ern%

•  The%array%of%spots%is%called%a%Laue%pa2ern.%
•  The%crystal%structure%is%determined%by%
analyzing%the%posi0ons%and%intensi0es%of%the%
various%spots.%

Sec0on%27.4%



Bragg�s&Law&
•  The&beam&reflected&from&the&

lower&surface&travels&farther&
than&the&one&reflected&from&
the&upper&surface.&

•  If&the&path&difference&equals&
some&integral&mul>ple&of&the&
wavelength,&construc>ve&
interference&occurs.&

•  Bragg�s&Law&gives&the&
condi>ons&for&construc>ve&
interference.&
–  2&d&sin&θ&=&m&λ,&m&=&1,&2,&3…&

Sec>on&27.4&



Uses$of$X(Ray$Diffrac1on$
•  X(ray$diffrac1on$is$used$to$

determine$the$molecular$
structure$of$proteins,$DNA,$
and$RNA.$

•  X(rays$with$λ$=$0.10$nm$are$
used.$

•  The$geometry$of$the$
diffrac1on$paEern$is$
determined$by$the$laGce$
arrangement$of$the$molecules.$

•  The$intensi1es$are$determined$
by$the$atoms$and$their$
electronic$distribu1on$in$the$
cell.$

•  Picture$shows$an$x(ray$
diffrac1on$photo$of$DNA$

Sec1on$27.4$



Hw 17 & 19



The spacing between atoms in KCl crystal is 3.1 x 10-10 m. At what angle from the surface 
will a beam of 3.14 x 10-11 m x-rays be constructively scattered? 
a.57° 
b.2.9° 
c.90° 
d.10° 
!
What is the highest frequency of the photons produced by a 90-kV x-ray machine? (h = 6.63 
x 10-34 Js) 
a.1.2 x 1019 Hz 
b.1.1 x 1019 Hz 
c.2.4 x 1019 Hz 
d.2.2 x 1019 Hz 



The$Compton$Effect$

•  Compton$directed$a$beam$of$x5rays$toward$a$block$of$
graphite.$

•  He$found$that$the$sca?ered$x5rays$had$a$slightly$
longer$wavelength$that$the$incident$x5rays.$
–  This$means$they$also$had$less$energy.$

•  The$amount$of$energy$reducAon$depended$on$the$
angle$at$which$the$x5rays$were$sca?ered.$

•  The$change$in$wavelength$is$called$the$Compton'
shi+.$

SecAon$27.5$

Compton Effect

Arthur&Holly&Compton&

•  1892&–&1962&
•  Discovered&the&
Compton&effect&

•  Worked&with&cosmic&
rays&

•  Director&of&the&lab&at&U&
of&Chicago&

•  Shared&Nobel&Prize&in&
1927&

SecJon&27.5&



Compton'Sca+ering'

•  Compton'assumed'the'
photons'acted'like'other'
par6cles'in'collisions.'

•  Energy'and'momentum'
were'conserved.'

•  The'shi='in'wavelength'is'
'

Sec6on'27.5'



Compton'Sca+ering,'Final'

•  The'quan7ty'h/mec'is'called'the'Compton'
wavelength.'
–  Compton'wavelength'='0.002'43'nm'
–  Very'small'compared'to'visible'light'

•  The'Compton'shiF'depends'on'the'sca+ering'angle'
and'not'on'the'wavelength.'

•  Experiments'confirm'the'results'of'Compton'
sca+ering'and'strongly'support'the'photon'concept.'

Sec7on'27.5'
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In the Compton effect, what is the greatest change in wavelength that can occur?  (h = 6.63 x 10-34 J·s, 
melectron = 9.11 x 10-31 kg, and c = 3.00 x 108 m/s) 
a.2.43 ! 10-12 m 
b.4.85 ! 10-12 m 
c.equal to the incident wavelength 
d.infinite



The dual nature of light and matter

Photons'and'Electromagne1c'Waves'

•  Light&has&a&dual&nature.&&It&exhibits&both&wave&and&
par7cle&characteris7cs.&
–  Applies'to'all'electromagne1c'radia1on'
–  Different'frequencies'allow'one'or'the'other'characteris1c'
to'be'more'easily'observed.'

•  The'photoelectric'effect'and'Compton'scaBering'offer'
evidence'for'the'par1cle'nature'of'light.'
– When'light'and'maBer'interact,'light'behaves'as'if'it'were'
composed'of'par1cles.'

•  Interference'and'diffrac1on'offer'evidence'of'the'wave'
nature'of'light.'

Sec1on'27.6'



Louis&de&Broglie&

•  1892&–&1987&
•  Discovered&the&wave&
nature&of&electrons&

•  Awarded&Nobel&Prize&in&
1929&

SecBon&27.6&

Wave%Proper*es%of%Par*cles%

•  In%1924,%Louis%de%Broglie%postulated%that%because'
photons'have'wave'and'par1cle'characteris1cs,'
perhaps'all'forms'of'ma7er'have'both'proper1es.'

•  Furthermore,%the%frequency%and%wavelength%of%
maCer%waves%can%be%determined.%

Sec*on%27.6%



de#Broglie#Wavelength#and#Frequency#

•  The#de#Broglie#wavelength#of#a#par8cle#is##

•  The#frequency#of#ma;er#waves#is#

Sec8on#27.6#



Dual%Nature%of%Ma-er%

•  The%de%Broglie%equa5ons%show%the%dual%
nature%of%ma-er.%

•  Each%contains%ma-er%concepts.%
– Energy%and%momentum%

•  Each%contains%wave%concepts.%
– Wavelength%and%frequency%

Sec5on%27.6%



The$Davisson,Germer$Experiment$

•  They$sca6ered$low,energy$electrons$from$a$nickel$
target.$

•  They$followed$this$with$extensive$diffrac?on$
measurements$from$various$materials.$

•  The$wavelength$of$the$electrons$calculated$from$the$
diffrac?on$data$agreed$with$the$expected$de$Broglie$
wavelength.$

•  This$confirmed$the$wave$nature$of$electrons.$

Sec?on$27.6$



The$Electron$Microscope$
•  The$electron$microscope$

depends$on$the$wave$
characteris5cs$of$electrons.$

•  Microscopes$can$only$
resolve$details$that$are$
slightly$smaller$than$the$
wavelength$of$the$radia5on$
used$to$illuminate$the$
object.$

•  The$electrons$can$be$
accelerated$to$high$energies$
and$have$small$
wavelengths.$

Sec5on$27.6$



Erwin&Schrödinger&
•  1887&–&1961&
•  Best&known&as&the&creator&

of&wave&mechanics&
•  Worked&on&problems&in&

general&relaAvity,&
cosmology,&and&the&
applicaAon&of&quantum&
mechanics&to&biology&

SecAon&27.7&

Introduction to Quantum Mechanics



The$Wave$Func,on$

•  In$1926$Schrödinger$proposed$a$wave$equa,on$that$
describes$the$manner$in$which$ma@er$waves$change$
in$space$and$,me.$

•  Schrödinger�s$wave$equa,on$is$a$key$element$in$
quantum$mechanics.$

•  Schrödinger�s$wave$equa,on$is$generally$solved$for$
the$wave%func*on,$Ψ.$

Sec,on$27.7$

The$Wave$Func,on,$Cont.$

•  The$wave$func,on$depends$on$the$par,cle�s$
posi,on$and$the$,me.$

•  The$value$of$Ψ2$at$some$loca,on$at$a$given$
,me$is$propor,onal$to$the$probability$of$
finding$the$par,cle$at$that$loca,on$at$that$
,me.$
– Actually$gives$the$probability$per$unit$volume$

Sec,on$27.7$



The$Uncertainty$Principle$

•  When$measurements$are$made,$the$
experimenter$is$always$faced$with$
experimental$uncertain9es$in$the$
measurements.$
– Classical$mechanics$offers$no$fundamental$barrier$
to$ul9mate$refinements$in$measurements.$

– Classical$mechanics$would$allow$for$
measurements$with$arbitrarily$small$uncertain9es.$

Sec9on$27.8$



The$Uncertainty$Principle,$2$

•  Quantum$mechanics$predicts$that$a$barrier$to$
measurements$with$ul:mately$small$uncertain:es$
does$exist.$

•  In$1927$Heisenberg$introduced$the$uncertainty*
principle.$
–  If$a$measurement$of$posi:on$of$a$par:cle$is$made$with$
precision$Δx$and$a$simultaneous$measurement$of$linear$
momentum$is$made$with$precision$Δpx,$then$the$product$
of$the$two$uncertain:es$can$never$be$smaller$than$h/4π$

Sec:on$27.8$

The$Uncertainty$Principle,$3$

•  Mathema4cally,$

–  It$is$physically$impossible$to$measure$
simultaneously$the$exact$posi4on$and$the$exact$
linear$momentum$of$a$par4cle.$

•  Another$form$of$the$principle$deals$with$
energy$and$4me:$$$

Sec4on$27.8$

Thought'Experiment'–'The'
Uncertainty'Principle'

•  A'thought'experiment'for'viewing'an'electron'with'a'powerful'
microscope'

•  In'order'to'see'the'electron,'at'least'one'photon'must'bounce'off'it.'
•  During'this'interacCon,'momentum'is'transferred'from'the'photon'to'the'

electron.'
•  Therefore,'the'light'that'allows'you'to'accurately'locate'the'electron'

changes'the'momentum'of'the'electron.'
SecCon'27.8'



Uncertainty*Principle*Applied*to*an*
Electron*

•  View*the*electron*as*a*par6cle.*
•  Its*posi6on*and*velocity*cannot*both*be*
known*precisely*at*the*same*6me.*

•  Its*energy*can*be*uncertain*for*a*period*given*
by**Δt*=*h*/*(4*π ΔE)*

Sec6on*27.8*
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What is the de Broglie wavelength for a proton (m = 1.67 x 10-27 kg) moving at a speed of 6.0 !x106 m/s? 
(h = 6.63 x 10-34 Js) 
a.2.0 x 10-13 m 
b.0.33 x 10-13 m 
c.1.3 x 10-13 m 
d.0.66 x 10-13 m 
!
If an electron has a measured wavelength of 0.850 x 1010 m, what is its kinetic energy? 
(h = 6.63 x 10-34 Js, 1 eV = 1.6 x 10-19 J, and me = 9.11 x 10-31 kg) 
a.55.0 eV 
b.104 eV 
c.147 eV 
d.209 eV



Atomic Structure

Quantum'Numbers'and'Atomic'
Structure'

•  The'characteris5c'wavelengths'emi:ed'by'a'
hot'gas'can'be'understood'using'quantum'
numbers.'

•  No'two'electrons'can'have'the'same'set'of'
quantum'numbers'–'helps'us'understand'the'
arrangement'of'the'periodic'table.'

•  Atomic'structure'can'be'used'to'describe'the'
produc5on'of'xBrays'and'the'opera5on'of'a'
laser.'

Introduc5on'



Sir$Joseph$John$Thomson$
•  �J.$J.�$Thomson$
•  1856$$3$1940$
•  Discovered$the$electron$
•  Did$extensive$work$with$

cathode$ray$deflecCons$
•  1906$Nobel$Prize$for$

discovery$of$electron$

SecCon$28.1$

Early&Models&of&the&Atom&
•  J.J.&Thomson�s&model&of&the&

atom&
–  A&volume&of&posi9ve&charge&
–  Electrons&embedded&

throughout&the&volume&
•  A&change&from&Newton�s&

model&of&the&atom&as&a&9ny,&
hard,&indestruc9ble&sphere&

Sec9on&28.1&

Sca$ering*Experiments*

•  The*source*was*a*naturally*radioac9ve*material*that*
produced*alpha*par9cles.*

•  Most*of*the*alpha*par9cles*passed*though*the*foil.*
•  A*few*deflected*from*their*original*paths*

–  Some*even*reversed*their*direc9on*of*travel.*

Sec9on*28.1*

Early&Models&of&the&Atom,&2&
•  Rutherford,&1911&

–  Planetary&model&
–  Based&on&results&of&thin&foil&

experiments&
–  Posi=ve&charge&is&

concentrated&in&the&center&of&
the&atom,&called&the&nucleus.&

–  Electrons&orbit&the&nucleus&
like&planets&orbit&the&sun.&

Sec=on&28.1&



Difficul'es*with*the*Rutherford*Model*

•  Atoms*emit*certain*discrete*characteris'c*
frequencies*of*electromagne'c*radia'on.*
–  The*Rutherford*model*is*unable*to*explain*this*phenomena.*

•  Rutherford�s*electrons*are*undergoing*a*centripetal*
accelera'on*and*so*should*radiate*electromagne'c*
waves*of*the*same*frequency.*
–  The*radius*should*steadily*decrease*as*this*radia'on*is*given*off.*
–  The*electron*should*eventually*spiral*into*the*nucleus,*but*it*
doesn�t.*

Sec'on*28.1*



Emission'Spectra'

•  A'gas'at'low'pressure'has'a'voltage'applied'to'it.'
•  The'gas'emits'light'which'is'characteris9c'of'the'gas.'
•  When'the'emi<ed'light'is'analyzed'with'a'
spectrometer,'a'series'of'discrete'bright'lines'is'
observed.'
–  Each'line'has'a'different'wavelength'and'color.'
–  This'series'of'lines'is'called'an'emission'spectrum.'

Sec9on'28.2'

Examples)of)Emission)Spectra)

Sec2on)28.2)



Emission'Spectrum'of'Hydrogen'–'Equa7on''

•  The'wavelengths'of'hydrogen�s'spectral'lines'can'be'
found'from'

–  RH'is'the'Rydberg(constant'
•  RH'='1.097'373'2'x'107'mH1'

–  n'is'an'integer,'n'='1,'2,'3,'…'
–  The'spectral'lines'correspond'to'different'values'of'n.'

Sec7on'28.2'



Spectral)Lines)of)Hydrogen)

•  The)Balmer)Series)has)lines)whose)wavelengths)are)given)by)
the)preceding)equa=on.)

•  Examples)of)spectral)lines)
–  n)=)3,)λ)=)656.3)nm)
–  n)=)4,)λ)=)486.1)nm)

Sec=on)28.2)



General'Rydberg'Equa0on'

•  The'Rydberg'equa0on'can'apply'to'any'series.'

– m'and'n'are'posi0ve'integers.'
– n'>'m.'

Sec0on'28.2'



Absorp'on)Spectra)

•  An)element)can)also)absorb)light)at)specific)
wavelengths.)

•  An)absorp'on)spectrum)can)be)obtained)by)passing)
a)con'nuous)radia'on)spectrum)through)a)vapor)of)
the)element)being)analyzed.)

•  The)absorp'on)spectrum)consists)of)a)series)of)dark)
lines)superimposed)on)the)otherwise)con'nuous)
spectrum.)
–  The)dark)lines)of)the)absorp'on)spectrum)coincide)with)
the)bright)lines)of)the)emission)spectrum.)

Sec'on)28.2)



Applica'on*of*Absorp'on*Spectrum*

•  The*con'nuous*spectrum*emi6ed*by*the*Sun*
passes*through*the*cooler*gases*of*the*Sun�s*
atmosphere.*
– The*various*absorp'on*lines*can*be*used*to*
iden'fy*elements*in*the*solar*atmosphere.*

– Led*to*the*discovery*of*helium*

Sec'on*28.2*
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Niels&Bohr&
•  1885&–&1962&
•  Par4cipated&in&the&early&

development&of&quantum&
mechanics&

•  Headed&Ins4tute&in&
Copenhagen&

•  1922&Nobel&Prize&for&
structure&of&atoms&and&
radia4on&from&atoms&

Sec4on&28.3&

The$Bohr$Theory$of$Hydrogen$

•  In$1913$Bohr$provided$an$explana8on$of$
atomic$spectra$that$includes$some$features$of$
the$currently$accepted$theory.$

•  His$model$includes$both$classical$and$non@
classical$ideas.$

•  His$model$included$an$aAempt$to$explain$why$
the$atom$was$stable.$

Sec8on$28.3$



Bohr�s&Assump+ons&for&Hydrogen&
•  The&electron&moves&in&

circular&orbits&around&the&
proton&under&the&influence&
of&the&Coulomb&force&of&
a=rac+on.&
–  The&Coulomb&force&produces&

the&centripetal&accelera+on.&

Sec+on&28.3&

Bohr�s&Assump+ons,&Cont.&

•  Only&certain&electron&orbits&are&stable&and&
allowed.&
–  These&are&the&orbits&in&which&the&atom&does&not&emit&
energy&in&the&form&of&electromagne+c&radia+on.&

–  Therefore,&the&energy&of&the&atom&remains&constant.&
•  Radia+on&is&emi?ed&by&the&atom&when&the&
electron&�jumps�&from&a&more&energe+c&ini+al&
state&to&a&less&energe+c&state.&
–  The&�jump�&cannot&be&treated&classically.&

Sec+on&28.3&

Bohr�s&Assump+ons,&Final&

•  The&electron�s&�jump,�&con+nued&
–  The&frequency&emi;ed&in&the&�jump�&is&related&to&the&
change&in&the&atom�s&energy.&

–  The&frequency&is&given&by&Ei&–&Ef&=&h&ƒ&
–  It&is&independent'of'the'frequency'of'the'electron�s'orbital'
mo5on.'

•  The&circumference&of&the&allowed&electron&orbits&is&
determined&by&a&condi+on&imposed&on&the&
electron�s&orbital&angular&momentum.&



Electron�s*Orbit*

•  The*circumference*of*
the*electron�s*orbit*
must*contain*an*integral*
number*of*de*Broglie*
wavelengths.*

•  2*π*r*=*n*λ*
–  N*=*1,*2,*3,*…**

SecDon*28.3*



Mathema'cs*of*Bohr�s*Assump'ons*and*

Results*

•  Electron�s*orbital*angular*momentum*
–  me*v*r*=*n*ħ*where*n*=*1,*2,*3,*…*

•  The*total*energy*of*the*atom*

–  **

•  The*energy*of*the*atom*can*also*be*expressed*as*

–  **

Sec'on*28.3*



Bohr%Radius%

•  The%radii%of%the%Bohr%orbits%are%quan3zed.%
%%

–  This%is%based%on%the%assump3on%that%the%electron(can(only(
exist(in(certain(allowed(orbits(determined(by(the(integer(n.%
•  When%n%=%1,%the%orbit%has%the%smallest%radius,%called%the%Bohr(
radius,%ao%

•  ao%=%0.052%9%nm%

Sec3on%28.3%



Radii%and%Energy%of%Orbits%

•  A%general%expression%for%
the%radius%of%any%orbit%
in%a%hydrogen%atom%is%
–  rn%=%n2%ao%

•  The%energy%of%any%orbit%
is%
–  En%=%<%13.6%eV/%n2%

SecEon%28.3%



Specific'Energy'Levels'

•  The'lowest'energy'state'is'called'the'ground'
state.'
– This'corresponds'to'n'='1'
– Energy'is'–13.6'eV'

•  The'next'energy'level'has'an'energy'of'–3.40'
eV.'
– The'energies'can'be'compiled'in'an'energy'level'
diagram.'

SecEon'28.3'

Specific'Energy'Levels,'Cont.'

•  The'ioniza&on'energy'is'the'energy'needed'to'
completely'remove'the'electron'from'the'
atom.'
– The'ioniza=on'energy'for'hydrogen'is'13.6'eV'

•  The'uppermost'level'corresponds'to'E'='0'and'
n'→'∞'

Sec=on'28.3'

Energy'Level'Diagram'

Sec1on'28.3'



Generalized*Equa.on*

•  The*value*of*R
H
*from*Bohr�s*analysis*is*in*excellent*

agreement*with*the*experimental*value.*

•  A*more*generalized*equa.on*can*be*used*to*find*the*

wavelengths*of*any*spectral*lines.*

–  For*the*Balmer*series,*n
f*
*=*2**

–  For*the*Lyman*series,*n
f
*=*1*

•  Whenever*a*transi.on*occurs*between*a*state,*n
i
*to*

another*state,*n
f
*(where*n

i
*>*n

f
),*a*photon*is*emiNed.*

–  The*photon*has*a*frequency*f**=*(E
i
*–*E

f
)/h*and*wavelength*λ**

Sec.on*28.3*
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Bohr�s&Correspondence&Principle&

•  Bohr�s&Correspondence*Principle&states&that&
quantum&mechanics&is&in&agreement&with&
classical&physics&when&the&energy&differences&
between&quan:zed&levels&are&very&small.&
– Similar&to&having&Newtonian&Mechanics&be&a&
special&case&of&rela:vis:c&mechanics&when&v&<<&c&

Sec:on&28.3&

Successes&of&the&Bohr&Theory&

•  Explained&several&features&of&the&hydrogen&
spectrum&

•  Can&be&extended&to&�hydrogen<like�&atoms&
– Those&with&one&electron&
– Ze2&needs&to&be&subsAtuted&for&e2&in&equaAons.&
•  Z&is&the&atomic&number&of&the&element.&

SecAon&28.3&



Quantum'Mechanics'and'the'
Hydrogen'Atom'

•  One'of'the'first'great'achievements'of'quantum'
mechanics'was'the'solu<on'of'the'wave'equa<on'for'
the'hydrogen'atom.'

•  The'energies'of'the'allowed'states'are'in'exact'
agreement'with'the'values'obtained'by'Bohr'when'
the'allowed'energy'levels'depend'only'on'the'
principle'quantum'numbers.'

Sec<on'28.4'

Quantum'Numbers'

•  n'–'principle'quantum'number'
•  Two'other'quantum'numbers'emerge'from'
the'solu9on'of'Schrödinger'equa9on.'
–  l'–'orbital'quantum'number'
– ml'–'orbital'magne9c'quantum'number 

Sec9on'28.4'

Quantum'Number'Summary'

•  The'values'of'n'can'range'from'1'to'∞'in'
integer'steps.'

•  The'values'of'ℓ'can'range'from'0'to'n=1'in'
integer'steps.'

•  The'values'of'm'ℓ'can'range'from'=ℓ'to'ℓ'in'
integer'steps.'
– Also'see'Table'28.1'

SecAon'28.4'



Shells&and&Subshells&

•  All&states&with&the&same&principle&quantum&
number,&n,&are&said&to&form&a&shell.&
– Shells&are&iden9fied&as&K,&L,&M,&…&
– Correspond&to&n&=&1,&2,&3,&…&

•  The&states&with&given&values&of&m&and&l&are&
said&to&form&a&subshell.&

•  See&table&28.2&for&a&summary.&

Sec9on&28.4&



Zeeman&Effect&

•  The&Zeeman&effect&is&
the&spli1ng&of&spectral&
lines&in&a&strong&
magne6c&field.&
–  This&indicates&that&the&
energy&of&an&electron&is&
slightly&modified&when&
the&atom&is&immersed&in&
a&magne6c&field.&

–  This&is&seen&in&the&
quantum&number&m&ℓ&

Sec6on&28.4&



Spin%Magne*c%Quantum%Number%

•  Some%spectral%lines%were%found%to%actually%be%
two%very%closely%spaced%lines.%

•  This%spli>ng%is%called%fine$structure.%
•  A%fourth%quantum%number,%spin%magne*c%
quantum%number,%was%introduced%to%explain%
fine%structure.%
– This%quantum%number%does%not%come%from%the%
solu*on%of%Schӧdinger�s%equa*on.%

Sec*on%28.4%

Spin%Magne*c%Quantum%Number%
•  It%is%convenient%to%think%of%the%

electron%as%spinning%on%its%
axis.%
–  The%electron%is%not%physically%

spinning.%
•  There%are%two%direc*ons%for%

the%spin%
–  Spin%up,%ms%=%½%
–  Spin%down,%ms%=%D½%

•  There%is%a%slight%energy%
difference%between%the%two%
spins%and%this%accounts%for%the%
doublet%in%some%lines.%

Sec*on%28.4%

Spin%Notes%

•  A%classical%descrip1on%of%electron%spin%is%incorrect.%
–  Since%the%electron%cannot%be%located%precisely%in%space,%it%
cannot%be%considered%to%be%a%spinning%solid%object.%

–  Electron%spin%is%a%purely%quantum%effect%that%gives%the%
electron%an%angular%momentum%as%if%it%were%physically%
spinning.%

•  Paul%Dirac%developed%a%rela1vis1c%quantum%theory%in%
which%spin%naturally%arises.%

Sec1on%28.4%



Electron)Clouds)
•  The)graph)shows)the)

solu4on)to)the)wave)
equa4on)for)hydrogen)in)
the)ground)state.)
–  The)curve)peaks)at)the)Bohr)

radius.)
–  The)electron)is)not)confined)

to)a)par4cular)orbital)distance)
from)the)nucleus.)

•  The)probability)of)finding)
the)electron)at)the)Bohr)
radius)is)a)maximum.)

Sec4on)28.4)

Electron)Clouds,)Cont.)
•  The)wave)func6on)for)

hydrogen)in)the)ground)state)
is)symmetric.)
–  The)electron)can)be)found)in)

a)spherical)region)
surrounding)the)nucleus.)

•  The)result)is)interpreted)by)
viewing)the)electron)as)a)cloud)
surrounding)the)nucleus.)
–  The)densest)regions)of)the)

cloud)represent)the)highest)
probability)for)finding)the)
electron.)

Sec6on)28.4)



Wolfgang(Pauli(
•  1900(–(1958(
•  Contribu6ons(include(

–  Major(review(of(rela6vity(
–  Exclusion(Principle(
–  Connect(between(electron(

spin(and(sta6s6cs(
–  Theories(of(rela6vis6c(

quantum(electrodynamics(
–  Neutrino(hypothesis(
–  Nuclear(spin(hypothesis(

Sec6on(28.5(

The$Pauli$Exclusion$Principle$

•  No$two$electrons$in$an$atom$can$ever$have$
the$same$set$of$values$of$the$quantum$
numbers$n,$ℓ,$m$ℓ,$and$ms$

•  This$explains$the$electronic$structure$of$
complex$atoms$as$a$succession$of$filled$energy$
levels$with$different$quantum$numbers.$

SecCon$28.5$

Filling&Shells&

•  As&a&general&rule,&the&order&that&electrons&fill&an&
atom�s&subshell&is:&
–  Once&one&subshell&is&filled,&the&next&electron&goes&into&the&
vacant&subshell&that&is&lowest&in&energy.&

–  Otherwise,&the&electron&would&radiate&energy&un>l&it&
reached&the&subshell&with&the&lowest&energy.&

–  A&subshell&is&filled&when&it&holds&2(2ℓ+1)&electrons.&
–  See&table&28.3.&

Sec>on&28.5&

The$Periodic$Table$

•  The$outermost$electrons$are$primarily$responsible$
for$the$chemical$proper6es$of$the$atom.$

•  Mendeleev$arranged$the$elements$according$to$their$
atomic$masses$and$chemical$similari6es.$

•  The$electronic$configura6on$of$the$elements$
explained$by$quantum$numbers$and$Pauli�s$
Exclusion$Principle$explains$the$configura6on.$

Sec6on$28.5$





Key Concepts
Energy from light is quantized 

Light interacts with matter and vice versa 

Matter has a wavelike nature 

It is impossible to precisely know the position and 
momentum of a particle 

The orbit and energy of an electron is quantized



Key Equations
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