1. Photons: Light Waves Behaving as
Particles



Looking forward at ...

* how Einstein’s photon picture of light explains the
photoelectric effect.

* how experiments with x-ray production provided evidence
that light 1s emitted in the form of photons.

* how the scattering of gamma rays helped confirm the photon
picture of light.

* how the Heisenberg uncertainty principle imposes
fundamental limits on what can be measured.



Introduction

* This plastic surgeon 1s using
two light sources: a headlamp
that emits a beam of visible
light and a handheld laser that
emits infrared light.

* The light from both sources 1s
emitted in the form of packets of energy called photons.

* The individual photons 1n the infrared laser are actually less
energetic than the photons in the visible light.



The photoelectric effect

* To escape from the surface,
an electron must absorb
enough energy from the
incident light to overcome
the attraction of positive 10ns
in the material.

* These attractions constitute
a potential-energy barrier;
the light supplies the “kick™
that enables the electron to
escape.

* The ejected electrons form
what 1s called a photocurrent.

Light

Photoelectric effect: Light
absorbed by a surface causes
electrons to be ejected.
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---- To eject an electron
the light must supply
enough energy to
overcome the forces
holding the electron
in the material.
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We now reverse the electric field so that
it tends to repel electrons from the
anode. Above a certain field strength,
electrons no longer reach the anode.

The stopping potential at which the
current ceases has absolute value V/,.

(maximum kinetic energy
of photoelectrons)



Wave-Model Prediction 1: We saw in Section 32.4 that the intensity of an electromag-
netic wave depends on its amplitude but not on its frequency. So the photoelectric
effect should occur for light of any frequency, and the magnitude of the photocurrent

should not depend on the frequency of the light.

Wave-Model Prediction 2: 1t takes a certain minimum amount of energy, called the
work function, to eject a single electron from a particular surface (see Fig. 38.1). If
the light falling on the surface is very faint, some time may elapse before the total
energy absorbed by the surface equals the work function. Hence, for faint illumina-
tion, we expect a time delay between when we switch on the light and when photo-

electrons appear.

Wave-Model Prediction 3: Because the energy delivered to the cathode surface
depends on the intensity of illumination, we expect the stopping potential to increase
with increasing light intensity. Since intensity does not depend on frequency, we fur-

ther expect that the stopping potential should not depend on the frequency of the light.



Experimental Result 1: The photocurrent depends on the light frequency. For a given
material, monochromatic light with a frequency below a minimum threshold fre-

quency produces no photocurrent, regardless of intensity. For most metals the thresh-
old frequency is in the ultraviolet (corresponding to wavelengths A between 200 and
300 nm), but for other materials like potassium oxide and cesium oxide it is in the vis-
ible spectrum (A between 380 and 750 nm).

Experimental Result 2: There is no measurable time delay between when the light is
turned on and when the cathode emits photoelectrons (assuming the frequency of the
light exceeds the threshold frequency). This is true no matter how faint the light is.

Experimental Result 3: The stopping potential does not depend on intensity, but does

depend on frequency. Figure 38.4 shows graphs of photocurrent as a function of
potential difference V¢ for light of a given frequency and two different intensities.
The reverse potential difference —V|y needed to reduce the current to zero is the same
for both intensities. The only effect of increasing the intensity is to increase the num-

ber of electrons per second and hence the photocurrent i. (The curves level off when
Vac 1s large and positive because at that point all the emitted electrons are being col-
lected by the anode.) If the intensity is held constant but the frequency is increased,
the stopping potential also increases. In other words, the greater the light frequency,
the higher the energy of the ejected photoelectrons.



Photocurrent in the photoelectric effect

* Shown are graphs of photocurrent as a function of potential
difference V- for light of a given frequency and two

different intensities.

. The stopping potential Vy 1s
* The reverse potential independent of the light intensity ...
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Einstein’s photon explanation

* Einstein made the radical postulate that a beam of light
consists of small packages of energy called photons or quanta.

* The energy of an individual photon is:

Planck’s constant

: e Speed of light
: ¥ C .
Energy of a photon - \E = hf - In vacuum
R )\4
: Wavelength

Frequency

* Here Planck’s constantis 7/ =6.626 x 10734 J - s

* An individual photon arriving at a surface 1s absorbed by a
single electron.

* The electron can escape from the surface only if the energy it
acquires 1s greater than the work function ¢.



Einstein’s explanation of the photoelectric
effect

Stopping potential Material 2
* This explains how the energy Vo Material 1 ¢, > &,
of an emitted electron in the
photoelectric effect depends
on the frequency of light
used. 0 7 7 Frequency f
// //
* The greater the work —Puje 7 Threshold frequency
. . /7 . .o
function of a particular ,7 Stopping potential is zero at
. . _ d threshold frequency (electrons
materlal’ the h1gher the ba/e L" emerge with zero kinetic energy).

minimum frequency needed
to emit photoelectrons.

For each material,

[evo = 17— o )or vy =
so the plots have same slope //e but different
intercepts —¢/e on the vertical axis.

hf ¢

e €




Table 38.1: Work functions of several
elements

Element Work Function (eV)
Aluminum 4.3
Carbon 5.0
Copper 4.7
Gold 5.1
Nickel 5.1
Silicon 4.8
Silver 4.3

Sodium 2.7



Photon momentum

* Every particle that has energy must have momentum.

* Photons have zero rest mass, and a particle with zero rest
mass and energy £ has momentum with magnitude p given
by E = pc.

* Thus the magnitude p of the momentum of a photon is:

Photon energy Planck’s constant
0.‘ ‘. ‘{
Momentum of a photon -+ sp = — = —f"'._:
) k
¢ c - A

0‘ OW

Speed of light in vacuum  Frequency

------- Wavelength

* The direction of the photon’s momentum is simply the
direction in which the electromagnetic wave 1s moving.



X-ray production

* Inverse of photoelectric
effect

e Shown 1s an experimental
arrangement for making
X rays.

* The next slide shows the
resulting x-ray spectrum.

Electrons are emitted thermionically from the
heated cathode and are accelerated toward the
anode; when they strike it, x rays are produced.

Heated
/cathode Anode

Power +

supply =p=
for
heater

Accelerating
voltage V



X-ray production

° The greater the kinetic Vertical axis: x-ray intensity per unit wavelength
energy of the electrons that 1€) W soky
strike the anode, the
shorter the minimum 8 40 KV
wavelength of the x rays 6|
emitted by the anode. .
* The photon model explains oL
this behavior. all, [ 29X
| 1 C L 1 E o\ (pm)

ol 20 40 60 80 100 .
* Higher-energy electrons :

Horizontal axis: x-ray wavelength

can convert thelr CNCrgy in picometers (I pm = 107% m)
into higher-energy
photons, which have a he

eVAC = hfmax = T

min

shorter wavelength.




X-ray absorption and medical imaging

* Atomic electrons can absorb
X rays.

* Hence materials with many
electrons per atom tend to be
better x-ray absorbers than
materials with few electrons.
(Absorption rate ~ Z3)

* Bones contain large amounts of elements such as phosphorus and
calctum, with 15 and 20 electrons per atom, respectively.

* In soft tissue, the predominant elements are hydrogen, carbon, and
oxygen, with only 1, 6, and 8 electrons per atom, respectively.

* Hence x rays are absorbed by bone but pass relatively easily
through soft tissue.



X-ray scattering: The Compton experiment

* In the Compton experiment,

X rays are scattered from
electrons.

* The scattered x rays have a
longer wavelength than the
incident x rays, and the
scattered wavelength
depends on the scattering
angle ¢.

Before collision: The target electron
1S at rest.

Incident photon: Target electron
wavelength A, (at rest)
momentum p

~S O

After collision: The angle between the
directions of the scattered photon and the
incident photon is ¢.

Scattered photon:
wavelength A,

momentum p’ y

/fw)

PC
Recoiling electron:
momentum P, g



Wave-Model Prediction: In the wave description, scattering would be a process of
absorption and re-radiation. Part of the energy of the light wave would be absorbed by
the electron, which would oscillate in response to the oscillating electric field of the
wave. The oscillating electron would act like a miniature antenna (see Section 32.1),
re-radiating its acquired energy as scattered waves in a variety of directions. The fre-
quency at which the electron oscillates would be the same as the frequency of the inci-
dent light, and the re-radiated light would have the same frequency as the oscillations
of the electron. So, in the wave model, the scattered light and incident light have the

same frequency and same wavelength.

Photon-Model Prediction: In the photon model we imagine the scattering process as a
collision of two particles, the incident photon and an electron that is initially at rest
(Fig. 38.10a). The incident photon would give up part of its energy and momentum to
the electron, which recoils as a result of this impact. The scattered photon that remains
can fly off at a variety of angles ¢ with respect to the incident direction, but it has less
energy and less momentum than the incident photon (Fig. 38.10b). The energy and
momentum of a photon are given by E = hf = hc/A (Eq. 38.2) and p = hf/c = h/A
(Eq. 38.5). Therefore, in the photon model, the scattered light has a lower frequency f

and longer wavelength A than the incident light.




Compton scattering

* In Compton scattering, an incident photon collides with an
electron that 1s 1nitially at rest.

* The photon gives up part of its energy and momentum to the
electron, which recoils as a result of this impact.

* The scattered photon flies off at an angle ¢ with respect to the
incident direction, but 1t has less energy and less momentum
than the incident photon.

* Therefore, the wavelength of the scattered photon 4’ is
longer than the wavelength 4 of the incident photon.

Wavelength of Wavelength of
scattered radiation inciglenl radiation , ~-Planck’s constant
Compton - v e »*** Scattering
scattering: AN —A=—(1 —cos¢) angle
~JMCy.,

Electron rest mass Speed of light in vacuum



enerqgy of electron

38.12 Vector diagram showing conser-
vation of momentum in Compton

pc+ me’ = p'c+ Ee Conservation of energy scattering.

Ee2 =mc” + (Pec)2 L
P =p-p'= P’ =p’+p +2pp'cosy PP NG.T
Eliminate P, we get Conservation of momentum P,

Conservation of >, P
momentum during p N ¢
Compton scattering

A-A'= i(l—cosqb)
mc



Pair production

* When gamma rays of sufficiently short wavelength are fired
into a metal plate, they can convert into an electron and a
positron, each of mass m and rest energy mc?.

* The photon model explains
this: The photon wavelength

must be so short that the Yy
photon energy is at least 7YV
2mc?.
O,
A, _ M 1213%10% nm 2
) Emin v




Diffraction and uncertainty

* When a photon passes Movable
h h lit. it photomultiplier
through a narrow slit, 1ts detector
momentum becomes E( Cogmlg“ef
uncertain and the photon _Shit §— e [034]
can deflect to either side. — 56> Intensity
o
. . . * .
* A diffraction pattern is the Monochromatic |
light |
result of many photons
hitting the screen. Screen

* The pattern appears even 1f only one photon 1s present at a
time in the experiment (1.€. extremely low intensity).

* The pattern 1s the probability of any individual photon will

land at a given spot



Diffraction and uncertainty

* These 1images record the After 21 photons reach the screen
positions where individual
photons 1n a two-slit
interference experiment strike
the screen.

After 1000 photons reach the screen

* As more photons reach the
screen, a recognizable
interference pattern appears.




Uncertainty in Diffraction

In the theory of diffraction, the angle between the central maximum and the first minimum is:

sinﬁ=&, we have &=tanﬂz1‘}=&=>p =px&
a D, a g a

: : A
i.e. the y-compoment momentum is spread out over a range between —p — andp_—.
a a

There will be an uncertainty Apy at least eqaul to p_ &
a

A hA h
Apy2px2=>ApyZI;=;=>Apyazh:{ApyAy2h]

p, and p, are the momentum components
for a photon striking the outer edge of
the central maximum, at angle 6.

a
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Photons of monochromatic light Screen

Slit

Diffraction
pattern
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The Heisenberg uncertainty principle

* You cannot simultaneously know the position and
momentum of a photon, or any other particle, with arbitrarily
great precision.

* The better you know the value of one quantity, the less well
you know the value of the other.

Heisenb Uncertainty in Planck’s constant
O . o e
shen .er,_, o coordinate x _divided by 27
uncertainty principle for t
oS st Vuy 2 ‘
position and momentum: Ax Ap = ﬁ/2
X

Uncertainty in corresponding
momentum component p,

* There 1s a similar uncertainty relationship for the y- and z-
coordinate axes and their corresponding momentum
components.



The Heisenberg uncertainty principle

* Shown 1s a graphical
representation of the
Heisenberg uncertainty
principle.

* A measurement with
uncertainties whose product
puts them to the left of or
below the blue line 1s not
possible to make.

Small position uncertainty;
large momentum uncertainty

Ap

X v

Impossible:
AxAp, < #/2

Large position uncertainty;
small momentum uncertainty



Uncertainty in energy

* There 1s also an uncertainty principle that involves energy
and time.

* The better we know a photon’s energy, the less certain we are
of when we will observe the photon:

: Time uncertainty Planck’s constant
Heisenberg ‘ e
: _ of a phenomenon divided by 27
uncertainty principle for .
z onseny »
energy and time: AtAE = ﬁ/2

Energy uncertainty
of same phenomenon

* This relation holds true for other kinds of particles as well.



2, Particles Behaving as Waves



Looking forward at ...

* de Broglie’s proposal that electrons and other particles can
behave like waves.

* how physicists discovered the atomic nucleus.

* how Bohr’s model of electron orbits explained the spectra of
hydrogen and hydrogenlike atoms.

* how a laser operates.

* how the 1dea of electron energy levels, coupled with the
photon model of light, explains the spectrum of light emitted
by a hot, opaque object.



Introduction

* Viruses (shown 1n blue) have landed on an E. coli bacterium
and 1njected their DNA, converting the bacterium into a virus
factory.

* This false-color image was made by using a beam of
electrons rather than a light beam.

T-bacteriophage viruses 100 nm = 0.1 pm




de Broglie waves

* In 1924 a French physicist, Louis de Broglie (pronounced “de
broy”), proposed that particles may, in some situations,
behave like waves.

* A free particle with rest mass m, moving with non-relativistic
speed v, should have a wavelength related to 1ts momentum:

Planck’s constant

h “h
De Broglie wavelength ===+, _ ;5
i A = — = — .. Particle’s speed
of a particle p muo ™~
O’Y A‘
Particle’s momentum ™ Particle’s mass

* A particle’s frequency 1s related to its energy in the same way
as for a photon:

E £ ticl » - Planck’s constant
‘nergy of a particle - — )
e £ K hfv.... Frequency



Davisson and Germer experiment

* Shown 1s an apparatus used to study electron diffraction.

@A heated filament @The electrons @ The detector can
emits electrons. are accelerated by be moved to detect
electrodes and scattered electrons
directed at a crystal.

= at any angle 6.

Voltage Electron
source beam

(in vacuum)

/(:D Electrons strike

a nickel crystal.

N

ba =V
x 2V

a

Ve = 0, so electrons speed up in moving from a to b.



electron diffraction @

eV = ;;=>p \2m V=>)L——

P 2melV
The constructive interference occur when

dsin® =nAi

This peak in the intensity of scattered
electrons is due to constructive
interference between electron waves
scattered by different surface atoms.

v
I
I
I
I
I
I
I
I
I

where d 1s the distance between rows in the crystal o

Top: x-ray diffraction

(b)

15°  30° 45° 60° 75° 90°

If the scattered waves are in phase,
there is a peak in the mtermty of
scattered electrons.

Incident waves
in phase

(

v D
<>

Bottom: electron diffraction

(W

Atoms on surface of crystal



Electron microscopy

* The wave aspect of electrons
means that they can be used to
form 1mages, just as light waves
can.

e This 1s the basic 1dea of the
transmission electron
microscope (TEM), shown.

* The “lenses” are actually coils
that use magnetic fields to focus
the electrons.

* The resolution 1s limited by
diffraction effect (depend on

wavelength) A ~0.01nm

(1 High-voltage supply

- Cathode (where
Vacuum | elf}CFron beam
chamber originates)
Accelerating
anode
Condensing
B : 1 ‘ L lens
- ¥/_l——_'—»
Object 8 o
(specimen) ! ?bjectlve
Intermediate ——‘—._ ens
image ’
——— Projection
lens
//( //7 = .“V\‘\‘
. A / \ \‘\
Final | X
image g \\
e —\

Image detector



Atomic line spectra

(a) Continuous spectrum: light (b) Line spectrum: only certain
of all wavelengths is present. discrete wavelengths are present.

Diffraction

grating

* The light emitted by atoms in a sample of heated gas includes
only certain discrete wavelengths. Nineteenth-century physics
does not explain this.



Atomic line spectra

* Shown are the emission line spectra of several kinds of atoms

and molecules.
Helium (He)
* No two are alike. . | | Hydrogen (H,)

Krypton (Kr)

* Note that the

|
spectrum of water I | Mercury (Hg)
vapor (H,O) 1s I[I"I” Neon (Ne)
similar to that of | I Water vapor (H,0)
hydrogen (H,), but

there are important
differences that make it straightforward to distinguish these
two spectra.



Absorption line spectrum

 If white light pass through the
. 39.9 The absorption line spectrum of the
gas and look at the transmitted  sun. (The spectrum “lines™ read from left

to right and from top to bottom, like text

||g ht W|th d SpeCtrOmete I. on a page.) The spectrum is produced by

the sun’s relatively cool atmosphere, which
absorbs photons from deeper, hotter layers.
The absorption lines thus indicate what

) The dark IIneS COrreSpond tO kinds of atoms are present in the solar
the wavelengths that have been "™
absorbed by the gas.

L N I I l_l‘. T O RN R W T TR ﬂl_-ﬂl_




The Rutherford scattering experiment (1911)

(3) Alpha particles strike foil
and are scattered by gold atoms.
: Zinc sulfide

@ Small holes in a / scintillation

pair of lead screens screen

create a narrow beam ,
of alpha partliles. / //4

AW\ N

S~

(.

@Alpha :
particles are
emitted by a
radioactive
element such
as radium.

L e
Gold-foil
‘ (‘ taget /

VQ‘

@A scattered alpha particle produces a flash of
light when it hits a scintillation screen, showing
the direction in which it was scattered.



The nuclear atom

e Rutherford pI’Ode the (a) Thomson’s model of the atom: An alpha
particle 1s scattered through only a small angle.
structure of the atom by
sending alpha particles at a

thin gold foil. o \,/
* Some alpha particles were N

scatt.erlng. by large angles’ (b) Rutherford’s model of the atom: An alpha
leadmg him to conclude that particle can be scattered through a large angle

the atom’s positive Charge is by the compact, positively charged nucleus
(not drawn to scale).

+ 7+

+
-
“

concentrated in a nucleus at o
. - ~_ _~Nucleus
1ts center. @ / \
e m— — S
/
\\ y



The Rutherford scattering experiment

39.13 Computer simulation of scattering of 5.0-MeV alpha particles from a gold
nucleus. Each curve shows a possible alpha-particle trajectory (a) The scattering curves
match Rutherford’s experimental data if a radius of 7.0 X 107" m is assumed for a gold
nucleus. (b) A model with a much larger radius for the gold nucleus does not match the

data.
(a) A gold nucleus with radius 7.0 X 107 Bm (b) A nucleus with 10 times the radius of the
gives large-angle scattermg E nucleus in (@) shows no large-scale scattering.

> >

\ /

Motion of incident 5.0-MeV alpha particles



The failure of classical physics

ACCORDING TO CLASSICAL PHYSIC PREDICTED
BEHAVIOR Lt
* An orbiting electron is accelerating, | /\fwavelength
so 1t should radiate electromagnetic S

waves.

Shorter
wavelength

* The electron’s angular speed would
increase as 1ts orbit shrank
(Kepler's 2" law), so the frequency of the radiated waves should
Increase.

* The waves would carry away energy, so the electron should lose
energy and spiral inward.

* Thus, classical physics says that atoms should collapse within a
fraction of a second and should emit light with a continuous
spectrum as they do so.



The Bohr model of hydrogen

* Niels Bohr (1885-1962) postulated
that each energy level of a hydrogen
atom corresponds to a specific stable
circular orbit of the electron around
the nucleus, where the corresponding
energy can have only certain particular
values (energy level).

* In the Bohr model, an atom radiates
energy only when an electron makes
a transition from an orbit of energy
E, to a different orbit with lower
energy £, emitting a photon of
energy hf = E. — E;1n the process.

* Bohr won the 1922 Nobel Prize in physics for these 1deas.



Atomic energy levels

* When an atom makes a i O E

An atom drops from an

transition from one energy initial level i to a N\(\/
. lower-energy final level {
level to a lower level, 1t by emitting a photon with hf = E;, — E;

emits a photon whose energy  cnergy equal o £, — £ ¥

i Q E
equals that lost by the atom. f
* An atom can also absorba ¢ @ E,
photon, provided the photon A\ Al s ratsel iem an
] initial level 1 to a higher-
energy equals the difference NN\ | cnergy final level f by
between two energy levels. 0= E, — E, | 2bsorbngaphotonwith
energy equal to E; — E;.
R LLLL

* The lowest energy level 1s
called ground state, levels
with energies greater than the
ground level are called
excited levels.



Atomic energy levels

* A cool gas that’s 1lluminated by white light to make an
absorption line spectrum also produces an emission line
spectrum when viewed from the side.

Continuous spectrum

|/ Wavelength

Diffraction
grating

Vacuum

Intensity

White light

4

Mirrors
redirect

light
\ Container
S £ of cool gas
ource o - —
white light White light

Absorption spectrum

Wavelength

Emission spectrum

ll h m— Wavelength

Light emitted
by gas

Diffraction grating for light emitted by gas



Emission spectrum of a hypothetical atom

* Consider a hypothetical
atom that has energy levels

at 0.00 eV, 1.00 eV, and
3.00 eV.

* (a) shows the energy-level

diagram for the hypothetical

atom.

* (b) shows the emission
spectrum of this
hypothetical atom.

(a)

3.00 eV yy
2.00eV
3.00 eV 3.00 eV
1.00 eV =Y X
1.00 eV 1.00 eV
Ground v v |
level Emission Absorption

transitions transitions

(b)

414 nm 620 nm 1240 nm




The Bohr model of hydrogen

* Bohr found that the magnitude of the electron’s angular
momentum 1s quantized; that is, this magnitude must be an
integral multiple of 4/2x.

* Let’s number the orbits by the principal quantum number
n,where n =1, 2, 3, ..., and call the radius of orbit , r , and
the speed of the electron 1n that orbit v,.

* The magnitude of the angular momentum of an electron of
mass m 1n such an orbit 1s:

Orbital angular Principal quantum number
Quantization momentum n=12.13,...)
of angular 3 Yl ;
. L = — Planck’s
momentum: n — Mvu,r, —n
< A 27T constant

.
....
------

Electron mass™  Electron speed ~ Electron orbital radius

>
.
.
.
.
-----
L



The Bohr model of hydrogen

* Shown 1s the angular momentum of an electron 1n a circular
orbit around an atomic nucleus.

Angular momentum Ijn of orbiting electron is
perpendicular to plane of orbit (since we take
origin to be at nucleus) and has magnitude
L = mv,r,sin¢ = mv,r, sin 90° = mv  r

nn

nn nnt

nth allowed o
electron orbit

Nucleus




The Bohr model of hydrogen

* A standing wave on a string transmits no energy, and
electrons in Bohr’s orbits radiate no energy.

* For the wave to “come out even” and join onto 1itself
smoothly, the circumference of this circle must include some
whole number of wavelengths.




The Bohr model of hydrogen

-

.
2
d
Y
s
K Z
s
s
s
h °,
s

L = my r =n— nthallowed 7 |
" 2 JU electron orbit
J
2
e’ my’
=
4Jt80r v
n n
eh’ 5 1 ¢ /N .
=7 = : n-=an and Vo=— Electron ¢ = 90
Jame g, 2nh

Total mechanical energy of the electron:

2 4

E oKk +U =lmv2— 1 e 1 me _th

v 2" Amer g 8n'h’ n’
me”

88§h3c

where R =

1s th Rydberg constant



The Bohr model of hydrogen

The orbital speed of the electron in Bohr’s model of a
hydrogen atom 1is:

s Magnitude of electron charge
Orbital speed ----+-...... "2
in nth orbit - . I e
s e Gl = - Planck’s constant
in the Bohr model € 2nh
ol A
Electric constant Prinéipal quantum number (n = 1,2, 3,...)

* The radius of this orbit is:

Radius of nth orbit - hp = n2a0« ----- Bohr radius
in the Bohr model ©

Principal quantum number (n = 1,2, 3,...)

where the Bohr radius is ¢, = 5.29 x 107! m.



The Bohr model of hydrogen

* The Bohr model predicts the observable energy levels of the
hydrogen atom, which give rise to the hydrogen spectrum,
below.

Planck’s Speed of light Electron Magnitude of
Conslant in vacuum mass . electron charge
Total energy ---... h R v4
for nth orbit oy . C where “me
in t - n 2 ez2i3
in the Bohr model n . ‘.,.v 86 h
Principal quantum number Rydherg *Electric
m=1,2,3,...) constant constant
364.6 nm 410.2 nm 434.1 nm 486.1 nm 656.3 nm

\ / \

H, H; H H H,,

All Balmer lines beyond Hj H,. Hg, H,, and Hy are in the visible region of the spectrum.
are in the ultraviolet spectrum.



* The Balmer series 1s not the
entire spectrum of hydrogen;
it’s just the visible-light portion.

* Hydrogen also has a
series of spectral lines
in the ultraviolet

(Lymann), and several

series of spectral lines
in the infrared.

ted orbits of a thBhndlt

Hydrogen spectrum in more detail:

I)A w11 ttht

nttll

Balmer
(visible l ght

and ultraviolet)
—\Pasche series
(infrared)

Brackett series
(infrared)

Pt nd series

7
6
5
4
3

SIS S

Paschen Pfund /—0 28 eV
ies 0.38 eV

series series
— W——0.54eV
‘m -0.85eV
Brackett —1.51eV

4 series

7 —3.40 eV

[\

N

E=E —-E =hcR L_
A " n’
1 1 1

=R _

A n m’

Balmer
series

—13.60 eV



Hydrogen-like atoms

* The Bohr model can be applied to any atom with a single

electron.
e’ —=7Ze¢* and R— Z°R

Hydrogen (H) Helium ion (He") /=2

E
A n=3 E;y=-15eV n=6 Eg=—15eV
n=2 E,=-34eV p=4 E, = —34¢V
n=3 Ey = —6.0eV
n=1 E, =—-136eV n=2 E, = —13.6¢eV

n=1 E, = —544¢eV



Absorption

* Consider a gas of atoms 1n a transparent container.

* Each atom 1s initially in its ground level of energy £, and
also has an excited level of energy L.,.

* If we shine light of frequency f on the container, an atom can
absorb one of the photons provided the photon energy £ = Af
equals the energy difference E,, — E, between the levels.

* The figure shows this
process, in which
three atoms A each
absorb a photon and
go 1nto the excited
level.

\f\»@

N N>R
"N-®

Atom 1n 1ts ground level

Excited level
A E X

Absorption

Eq

Ground level



Spontaneous emission

* Excited atoms (which we denote as A*) can return to the
ground level by each emitting a photon with the same
frequency as the one originally absorbed.

* This process 1s called spontaneous emission.

* The direction and phase of each spontaneously emitted
photon are random.

\J
A — Eo
Spontaneous
emission
! &
.'ﬁ \

Atom 1n an excited level




Stimulated emission

* In stimulated emission, each incident photon encounters a
previously excited atom.

* A kind of resonance effect induces each excited atom to emit
a second photon with the same frequency, direction, phase,
and polarization as the incident photon, which 1s not
changed by the process.

/ -
AN —
/VVVV\> Stimulated
@ emission

¢ -,




Population Inversion

* We can pump the material to excite the atoms out of the
ground state into the excited states -> enhanced stimulated
emission

39.29 (a), (b), (c) Stages in the operation of a four-level laser. (d) The light emitted by atoms making spontaneous transitions from
state E, to state E 1s reflected between mirrors, so it continues to stimulate emission and gives rise to coherent light. One mirror is
partially transmitting and allows the high-intensity light beam to escape.

Excited state
with short lifetime

Excited state
with long lifetime
(metastable state)

Excited state
with short lifetime

Ground state

(a) Before pumping

All atoms initially in ground state

Eq

E,

(b) Just after pumping

Some atoms in excited states

Eq

E=0

(c) About 10~8 s after pumping

Atoms in metastable state E, create
population inversion relative to E;.

Atoms in E5
drop to E, or
ground state.

Atoms in E|
drop to
ground state.



The laser

* The laser 1s a light source that produces a beam of highly
coherent and very nearly monochromatic light as a result of
cooperative emission from many atoms.

* The name “laser” 1s an acronym for “light amplification by
stimulated emission of radiation.”

Mirror Mirror
(100% reflective) (95% reflective)

Cathode Tube with gas

Power supply |



Continuous spectra and blackbody radiation

As the temperature increases, the peak

° A blaCkbOdy 1s an 1dealized of the spectral emittance curve becomes
case of a hOt, dense ObjCCt. higher and shifts to shortgr wavelengths.
I(A) (10" W/m?) .
* The figure shows the 2000 K<

continuous spectrum produced
by a blackbody at different
temperatures.

* Planck provided the first
explanation of blackbody
radiation by assuming that

[ L]
L]
aw

. F .7 X (um)
atoms in the blaCkbOdy have Dashed blue lines are values of A, 1n
evenly spaced energy levels, Eq. (39.21) for each temperature.
and emit photons by jumping D he?
from one energy level down to I(A) =

/\S(ehc/)\kT _ 1)
the next one. .
(Planck radiation law)



Continuous spectra and blackbody radiation

* The spectral emittance /(A) for radiation from a blackbody has
a peak whose wavelength depends on temperature:

. : Peak wavelength in spectral emittance curve
Wien displacement law :

for a blackbody: XmT — 2900 X 103 m-K
k

Absolute temperature of blackbody

* We can obtain the Stefan—Boltzmann law for a blackbody by
integrating /(1) over all wavelengths to find the total radiated
intensity:

(0. @]
I = I(A) dA = 7% = oT?
/0 () 15¢2h°

where ¢ = 5.6704 x 1078 W/m? - K# is the Stefan—Boltzmann
constant.



Light from the sun

To a good approximation, the sun’s surface is a blackbody with a
surface temperature of 5800 K. (We are ignoring the absorption
produced by the sun’s atmosphere, shown in Fig. 39.9.) (a) At what
wavelength does the sun emit most strongly? (b) What is the total
radiated power per unit surface area?

IDENTIFY and SET UP: Our target variables are the peak-intensity
wavelength A, and the radiated power per area I. Hence we’ll use
the Wien displacement law, Eq. (39.21) (which relates A,, to the
blackbody temperature 7'), and the Stefan—Boltzmann law, Eq.
(39.19) (which relates / to 7).

EXECUTE: (a) From Eq. (39.21),

290X 107 m-K 290 X 10° m-K
m T 5800 K
= 0.500 X 10°° m = 500 nm

(b) From Eq. (39.19),
[ =oT*= (567 X 1078 W/m?-K*)(5800 K)*
= 6.42 X 107 W/m? = 64.2 MW /m?

EVALUATE: The 500-nm wavelength found in part (a) is near the
middle of the visible spectrum. This should not be a surprise: The
human eye evolved to take maximum advantage of natural light.

The enormous value / = 64.2 MW/ m? found in part (b) is the
intensity at the surface of the sun, a sphere of radius 6.96 X 108 m.
When this radiated energy reaches the earth, 1.50 X 10! m away,
the intensity has decreased by the factor [ (6.96 X 10%m)/(1.50 X
10" m)]? = 2.15 X 1077 to the still-impressive 1.4 kW /m?.



A slice of sunlight

Find the power per unit area radiated from the sun’s surface in the
wavelength range 600.0 to 605.0 nm.

IDENTIFY and SET UP: This question concerns the power emitted
by a blackbody over a narrow range of wavelengths, and so
involves the spectral emittance /(A) given by the Planck radiation
law, Eq. (39.24). This requires that we find the area under the 7(A)
curve between 600.0 and 605.0 nm. We’ll approximate this area as
the product of the height of the curve at the median wavelength
A = 602.5 nm and the width of the interval, AA = 5.0 nm. From
Example 39.7, T = 5800 K.

EXECUTE: To obtain the height of the I(A) curve at A =
602.5 nm = 6.025 X 10”7 m, we first evaluate the quantity hc /AKT
in Eq. (39.24) and then substitute the result into Eq. (39.24):

he (6.626 X 10734T-5)(2.998 X 10® m/s) )
- = 4.11
AT (6.025 X 10~ "m)(1.381 X 1072* J/K)(5800 K)

27(6.626 X 107% J+5)(2.998 X 10® m/s)?
(6.025 X 1077 m)>(e*!116 — 1)
= 7.81 X 10¥ W/m?

The intensity in the 5.0-nm range from 600.0 to 605.0 nm is then
approximately

IAN)AX = (7.81 X 1013 W/m?)(5.0 X 107 m)
= 3.9 X 10° W/m? = 0.39 MW/m?

EVALUATE: In part (b) of Example 39.7, we found the power
radiated per unit area by the sun at all wavelengths to be I =
64.2 MW/ m?; here we have found that the power radiated per
unit area in the wavelength range from 600 to 605 nm is I[(A)AX =
0.39 MW /m?, about 0.6% of the total.



A two-slit interference experiment for electrons

Electron interference
pattern

Electron detector

o )

o w=p Slit 1
Electron o e
beam o =
(vacuum) > I 2
@ =y -
iy ® > Slit 2

We can send the electron once a time through the slits. Each
electron wave interferes with itself!!!



A two-slit interference experiment for electrons

After 28 After 1000 After 10,000
electrons electrons electrons




The Uncertainty PrinCiple 39.35 The longer the lifetime At of a

state, the smaller 1s its spread 1n energy
(shown by the width of the energy levels).

h 7
AxAp=— and AEAt=— ¥ | Medium AE
2 2 E; Medium At
Large AE
\J/Small AE
E, /[\ Long At

Example: Estimate the ground state energy of a particle
confined in a box of size a

Ax <a
h

Ap = —
P 2a

2 2
Jo (Ap) . 1 ( A
2m 2m\ 2a




3ELICELR M The uncertainty principle: position and momentum

An electron is confined within a region of width 5.000 X 107! m
(roughly the Bohr radius). (a) Estimate the minimum uncertainty
in the x-component of the electron’s momentum. (b) What is the
kinetic energy of an electron with this magnitude of momentum?
Express your answer in both joules and electron volts.

IDENTIFY and SET UP: This problem uses the Heisenberg uncer-
tainty principle for position and momentum and the relationship
between a particle’s momentum and its kinetic energy. The electron
could be anywhere within the region, so we take Ax = 5.000 X
107" m as its position uncertainty. We then find the momentum
uncertainty Ap, using Eq. (39.29) and the kinetic energy using the

relationships p = mv and K = %mvz.

EXECUTE: (a) From Egs. (39.29), for a given value of Ax, the
uncertainty in momentum is minimum when the product Ax Ap,
equals 7. Hence

h 1.055 X 10734 J -5

Ap, = = = 1.055 X 107%*J-s/m
) 2(5.000 X 107" m) /

2Ax
= 1.055 X 107 **kg-m/s

(b) We can rewrite the nonrelativistic expression for kinetic
energy as

(mo)?  p?
K =imp =l _ P

2m 2m
Hence an electron with a magnitude of momentum equal to Ap,
from part (a) has kinetic energy
. p* (1055 X 10 2*kg - m/s)?
2m 2(9.11 x 1073 kg)

=6.11 X 1079 J=381eV

EVALUATE: This energy is typical of electron energies in atoms.
This agreement suggests that the uncertainty principle is deeply
involved in atomic structure.

A similar calculation explains why electrons in atoms do not
fall into the nucleus. If an electron were confined to the interior of
a nucleus, its position uncertainty would be Ax ~ 10~'* m. This
would give the electron a momentum uncertainty about 5000 times
greater than that of the electron in this example, and a kinetic
energy so great that the electron would immediately be ejected
from the nucleus.



3ELTICECALN The uncertainty principle: energy and time

A sodium atom in one of the states labeled “Lowest excited levels”
in Fig. 39.19a remains in that state, on average, for 1.6 X 1085
before it makes a transition to the ground level, emitting a photon
with wavelength 589.0 nm and energy 2.105 eV. What is the uncer-
tainty in energy of that excited state? What is the wavelength
spread of the corresponding spectral line?

IDENTIFY and SET UP: This problem uses the Heisenberg uncer-
tainty principle for energy and time interval and the relationship
between photon energy and wavelength. The average time that the
atom spends in this excited state is equal to Az in Eq. (39.30). We
find the minimum uncertainty in the energy of the excited level by
replacing the = sign in Eq. (39.30) with an equals sign and solving
for AE.

EXECUTE: From Eq. (39.30),

A 1.055 X 107375
20t 2(1.6 X 10785)
=33X10%7J=21Xx10%eV

AE =

The atom remains in the ground level indefinitely, so that level has
no associated energy uncertainty. The fractional uncertainty of the
photon energy is therefore

AE 2.1 X107 8eV
E 2.105eV

=10Xx 1078

You can use some simple calculus and the relation E = hc/A to
show that AA/A =~ AE/E, so that the corresponding spread in
wavelength, or “width,” of the spectral line is approximately

AE
AN = A== = (589.0nm)(1.0 X 10~%) = 0.0000059 nm

EVALUATE: This irreducible uncertainty AA is called the natural
line width of this particular spectral line. Though very small, it is
within the limits of resolution of present-day spectrometers. Ordi-
narily, the natural line width is much smaller than the line width
arising from other causes such as the Doppler effect and collisions
among the rapidly moving atoms.



