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The discharging electroscope

An electroscope has a thin gold leaf attached
to a metal stem. When the electroscope is
charged, the leaf stands out.

Use an EHT power supply to charge an
clectroscope negatively (Figure 18.1).
Disconnect the power supply and watch the
electroscope for a minute. Does it discharge?
Repeart the experiment, but this time shine
ultra-violet radiation on to the electroscope.
Is there a difference?

Repeat the experiment yet again, but this
time put a clean strip of zinc on the top cap
(Figure 18.2).

Experiment with a positively charged
electroscope, with strong visible light, and
with dull, oxidised zinc.

Figure 18,1 Charging an electroscope

__-Clean zinc

ULTRA-VIOLET
RADIATION

Figure 18.2 Puta
cleaned strip of zinc
on the electroscope



_ clean zinc

Figure 18.3  The leaf goes doun

_ clean zinc

Figure 184  The leaf stays up

Photoelectric emission

When you connect the negative terminal of 4 power supply to an electr )scnpc.’
some electrons transfer to the clectroscope, making it negative too. The leaf
on the electroscope then has the same sign of charge as the stem, so the two
repel each other and the leaf stands out. The insulation on an electroscope is
usually good, so very littde charge leaks away and the leaf stays out. But, in
certain circumstances, when you illuminate the top cap with the correct kind
of radiation, an electroscope with a good insulator can still discharge rapidly.

In the situation shown in Figure 18.3, the leaf goes down, even with norhing
touching the clectroscope. The leaf discharges only if the zine is shiny, if the
illumination is ultra-violer and if the charge is negative. [t does not discharge if
the zinc is dull or if there is no zince, with just brighr light, or with positive
charge (Figure 18.4).

You mighrt ar first think thar the ultra-violet light is causing the air around the
electroscope to conduct electricity, and so discharge the electroscope. But if
s0, the electroscope would also discharge if it were charged positively. If
ionisation of air were the explanation, why should a zine plate be necessary?
Perhaps the ultra-violet light might be giving positive charge to the
electroscope to neutralise it. But if so, why is there discharge when the zinc
plate is on the top cap. but no discharge with a chromium top alone?

A likely explanation for the discharge is that ultra-violet radiation is causing the
zine Lo emit electrons and make itself less negative. This emission s
photoelectric emission (literally *emission of ¢lectrons by light').



Threshold frequency

Photoelectric emission from zinc only oceurs if the radiation illuminating the
zin¢ has a frequency of 1 x 10" Hz or higher. This is in the ultra-violet region,
just outside the visible spectrum. This frequency is called rhe threshold
frequency for zinc.

Weak radiation above the threshold frequency will cause photoelectric
emission, but radiation below the threshold frequency will nor cause
photaelectric emission, even if it is powerful. This observation puzzled
physicists for some years.



Photons

In 1905, Einstein suggested an explanation for photoelectric emission based
on a theory proposed by Max Planck (Figure 18.5). He suggesred that
electromagnetic radiation — visible light, ultra-violet light, or anv other
frequency — comes in small packets of energy, rather than in a st ady stream.
The general name for a small packet of energy is 4 quantum, but a packet,
or quantum, of electromagnetic radiation is called a photon. The energy of
a photon does not depend on the intensity of the radiation, but rather on
its frequency.

When the frequency of the radiation is low, the energy of the photons is small;

when the frequency is high, the energy of the photons is large.

The electrons in the meral are being bombarded with a stream of photons. An
elecrron is only emirtted if it interacts with a photon that has sufficient CNergy.
an its own, to detach the electron from the meral, When photons of lower
energy hit the metal, no electrons are emitted

Figure 18.5. Max Planck (1858-1947),
German physicist who proposed that

electromagnetic radiation is emitted
in quanta



Work function

There is no photoelectric emission from zine unless it is illuminated with
radiation of frequency greater than its threshold frequency of about

1 X 10* Hz. If you investigate other substances, you find that they each have
a different threshold frequency.

Generally, the threshold frequencies are lower for substances that are
chemically more reactive. These substances lose electrons more easily both
in chemical reactions and photoelectrically. The lower threshold frequency
corresponds to photons of lower energy; it means that you do not need

photons of such high energy to release electrons from more reactive
substances.

The minimum energy needed to remove electrons from a substance is called
the work function, symbol @ (the Greek letier phi). The work funcrion for
zinc is less than the work function for chromium, which is why the rhreshold
frequency for zine is lower than the threshold frequency for chromium. This
explains why radiation that causes photoelectric emission from the zinc plate
does not necessarily cause emission from the chromium cao.



Figure 19.1 Photon energy = work
Junction + eleciron Rinetic energy



Measuring the energy of a photoelectron

* The photoelectric cell in Figure 19.2 has two
electrodes. Light illuminates the large emitting
electrode, which has a low work function. Photons light of known S
with sufficient energy cause photoelectric emission. | frequency [ pA
If any photoelectrons reach the receiving electrode, LT
the picoammeter indicates a current, ' sl

* The battery and potentiometer make the receiving T
clectrode in the photoelectric cell negative. This AR T
provides an electrical hill that photoelectrons must ' ) ( V |
run up. The trick is to increase the repelling shotoelectric
voltage slowly from zero until the current drops o | cell
zero. At this voltage, called the stopping voltage (or
stopping potential), the electrical hill is just high

enough to stop even the fastest electrons arriving.
* At the stopping voltage, the kinetic energy lost by 78w 19.2 The electrons are
the fastest electrons is equal to the electrical FEpETiea acR Ixs Ae EMITHNE WIBCtTORS
potential energy they gain going up the hill.
* Shine lights of different known frequencies onto the emitting electrode. For each
frequency, measure the stopping voltage.

* Plot a graph of stopping voltage against frequency. What is the relation between them?  ULTRA-VIOLET
RADIATION



http://www.walter-fendt.de/ph1le/photoeffect.ntm

4 c The evaluation of the three measurement series by
I I | means of the diagram will result in three parallel lines.
I I []] | |_L From the slope of these lines the Planck constant (h)

[> . can be calculated. In addition you can read the work
e r ] function of the respective cathode material (in eV, i.e.
o electron volt) directly from the intersection with the

ol - | + vertical axis.

. Exin = hf -W

S ahoad witha now sorioe of moacuromente for If y axis scale is Ekin in eV (proportional to stopping
STh s potential in V) and we set f =0 then we can find the
work function.

Exin=0-W

If we compare the equation with that of a straight line
we can calculate planks constant

Ekin = hf “W

hi - W

y=mx+C

Gradient=m =nh



Calculating photon energy

Einstein accepted Planck's hyvpothesis that the energy of each photon is
proportional to its frequency:

Eef or £ = bf
The consrant of proportionality A is Planck's constant; it 1s 6.6 X 10-* ] <. Since
photon energy = work function + kinetic energy of fastest electrons

bf = ¢ + Lmu?

where @ is the work function, and m and ¢ are the mass and speed of the
fastest electrons.



The Photoelectric Effect

The remarkable aspects of the
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Photon energy

E=hv

explains the expenment
and shows that light
behaves like particles.

Fapernmment

Analysis of data from the photoelectric experunent
showed that the energy of the ejected electrons
was propottional to the frequency of the
lhyminating hght. This showed that whatever was
knocling the electrons out had an energy
propotiional to hght frequency. The remarlable
tact that the ejection eneroy was independent of the

total energy of dlumination showed that the
interaction st be ke that of a particle which
gave all of itz energy to the electron! This fit in well
with Planck's hypothesis that hght i the blackbody

racdiation experiment could exst only i discrete

bundles wath energy

E = hv



Finding the threshold
frequency

Look at the stopping voltage—frequency
graph for caesium in Figure 19.3. As you
would expect, it is a straight line. As the
frequency of the radiation increases, the
stopping voltage gets greater, meaning
that electrons are emitted with greater
energy. As the frequency gets less, the
stopping voltage gets smaller, until, when
the line cuts the frequency axis, electrons
are emitted with zero kinetic energy. This
is the threshold frequency. Below this
frequency, no electrons are emitted.
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Table 20.1 Threshold
Jrequency for a number of metals

Threshold

frequency

Metal

work done = QV = 1.6 x 107 C x 1V = 1.6 x 10-'7]

This amount of work, 1.6 % 10191, is called the electronvolt. It is the work
done when a charge equal 1o that on an electron moves through a potential
difference of 1 V.

10" Hz
SRS
0.57
=
1.08
ST
copper 1.13
Table 20.2 Work function for To convert from joules to electronvolts, divide by 1.6 x 101 ) eV-!, For

a number of metals example, the work function of zinc, @(zinc), is

58 x 107] .
&= 'Q — ——. T p— == -
O(zinc) = 5.8 x 10-7] 16 % 105 ev-1 36¢V




Variation of photocurrent with voltage

20 [:

Stopping voltage/V
o . —
® ™ o

o
-
T

1

i

A

A1

1

'} il

I

L

'S

0.0
0.0

0.4

0.8

1.2

16 20 24 28
Photon energy/eV

32

36 4.0

Figure 20,1 Stopping voltage for caesium for a range of photon

enervies

So far we have discussed varying the frequency of
the light illuminating a photocell. If, instead, you
keep the frequency constant, you can measure how
photocurrent depends on the voliage herween the
electrodes. Figure 20.2 shows a curreni-voltage
graph for a photocell illuminated with dim red lighr.
As the graph shows, there is a current even when
there is no voltage across the cell. The electrons
have enough energy when they are emitted to travel
across the gap between the electrodes even with no
valtage across the cell.

‘



Phot‘?current

saturation

v, 0 Voltage

figure 2002 Curreni-volidge graph
Jor a photocell Hhontnaied with dim
red lyght

Photocurrent
4 -
bright
dim
0 Voltage

Figure 20,3 Current-voltage graphs
for @ photocel! illuminated with two
different butensities of red lght

Photocurrent
4

red
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Figure 209 Current-voltage graphs
Jor @ photocell illuminated with
different frequencies of livht

Figure 204 shows current—voltage graphs for a photocell illuminated by red
and blue light of the same imensity. The stopping volrage for blue light is
greater than that for red, showing that the photons of blue light have a higher
energy than the photons of red.

The saruration current for blue light is less than that for red, showing that
there are fewer electrons emitted per second by the blue. Both radiations have
the same intensity. The blue light comes as a smaller number of photons, each
of which has a larger energy. emitting fewer electrons but with higher energy.
The red light comes as a larger number of photons, each of which has a
smaller energy, emitting more electrons but of lower energy.
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Figure 21.2  Energy level diagram
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Figure 21.3  The energy levels for a bydrogen atom



Excitation and ionisation

If you give an atom energy to raise the electron above the ground state, the
atom becomes excited. Energy is required to raise the electron above the
ground state. This 1s excitation energy. The electron may remain above the
ground state temporarily, but it will usually drop back to the ground state, either
directly or via another level, giving out the excitation energy as it does so.

The first excitation energy for hydrogen is 10.2 eV, because it needs 10.2 eV 1o
raise the atom from its ground state 1o the first excited state.

Ifvou give the atom enough energy, vou can free the electron completely from
the atom, This is called ionisation. The ionisation energy is the energy
required to free an electron completely, starting from the ground state of an
atom, It is 13.6 eV for the hydrogen atom.



bf = E, - E,



* Put a slit in front of a hydrogen lamp.
Hold a diffraction grating next to your
eye and look through it at the slit
(Figure 21.4).

* Sketch the pattern of light you see.

* Repeat with lamps containing different
clements.

hydrogen
spectral lamp

Figure 21.4  Ustng a diffraction grating iv observe an emission spectrum



Emission spectra

You can give an element onc rEy to excite the atoms heatng 10 In this was
elecrons are contonually "-:‘».“l\f: Znven encrgy o -L‘fl.l"-lcj them 1o nse o a lli.‘._.'l(':
state, but they then fall down agam. The atoms give out the range of
tz't":;m*nr:(_"-‘ characieristic of that element. Thas range of e Uencies of enmutted

ridiations s called the emission spectrum of the atom

Figure 216 Envisston spectra frovn

top) cadmium, (centre) sexlium

‘hattont) bydrogen



Using a diffraction grating to observe spectra

A diffraction grating works on the same principle as Young's slits (see Chapter
16). But the grating has more slits and they are closer together, so the fringes
are brighter and spaced much further apart, You can use a diffraction grating o
observe and measure the wavelengths of radiation from an emission spectrum.
Figure 21,5 shows how you can observe the fringes that a diffraction grating
can produce on the retina of the eve.

diffraction
eye grating sht

« + % light

retina

Figure 215 Supwerposttion fringes on the back of the eve
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Figure 21.7  Bobr atom

Figure 21.8  Schradinger atom

Stationary waves in atoms

Neils Bohr suggested that the discrete energy
levels in atoms are due to the electrons being
allowed to have discrete orbits around the
ataom, rather like Figure 21,7, The changes in
energy correspond to changes in orbir.

Erwin Schrodinger suggested that the
energy levels in atoms were due o electrons
behaving like statonary waves in the atom,
with a profile like the waves in Figure 21.8,
Only certain types of wave fit the atom, and
these correspond to the fixed energy stares.
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* Shine a laser beam into a single diffraction grating and look at the pattern produced on the screen.

* Then use two gratings at right angles and look at
the pattern due to that. \
* Next put a number of gratings at a range of angles screen
to each other (Figure 23.1) and look at the pattern
that this producces. gratings = ’\
Figure 23.1 Producing | '35¢"
superposition patierns
& LASER BEAM Sfrom a number of crossed
gratings

Figure 232 The superposition pattern
Jor one grating
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ligure 234 The superposttion pattern
Jor many gratings at different angles



* Figure 23.5 shows an electron beam tube. The low-
voltage power supply heats up the cathode and so
gives the atoms enough energy for them to emit
electrons. You might like to compare this
thermionic emission with photoelectric emission.
The EHT power supply attracts the electrons from
the filament to a positive plate, which has a piece
of graphite fixed in the middle. The fluorescent
screen gives out light whenever it is hit by
electrons, and therefore shows what happens after
the electrons hit the graphite.

Observe the pattern produced when the electrons
hit the screen. Then change the voltage of the EHT
power supply and see how the pattern changes

thin graphite

filarpent
,  cathode
’

S 3 screen
EHY supgly |

Figure 23.5 An electron diffraction tube




The lavers of atoms in graphite produce electron superposition patrerns.
These lavers are 2.1 X 10 m apart, and this is equivalent to the Young's slit
separation. The screen is (.14 m from the graphite, and the first subsidiary
maximum is at g distance of 12 mm from the centre. So using

A = xsiD, we get

A= (12x102mx2.1x10"m)/0.14m = 1.8 x 10-''m



De Broglie’s theorem

The French physicist, Louis Victor de Broglie (pronounced “de Broy”) suggested
thar electrons, like other particles, have wave properties, with a wavelength that
is dependent on the momentum of the particle, His equation states that

y
P

where A is the wavelength, / is Planck's constant and p is the

momentum (found by multiplving the mass by the velocity). We can

use this relationship to calculate the wavelength of the electrons

producing the superposition pattern shown in Figure 23.6 and

compare the result with the value above.



graphite

Figure 23.6  Ring geomelry




Two-slit diffraction with electrons

Figure 23,7 shows how you can demonstrate two-shit superposition with
electrons. This arrangement is just like Young's slits for light, but the
superposition is harder to demonstrate. The wavelength even for very fast
electrons is small, so the slits need 10 be very close for fringes to be observable.

screen
pm ______
wire ~ e——

T
<@>—~ } overiapping
electron od":;e
beam P s

ﬁ\ superposition
negative pattern
plates

Figure 23.7  Two-slit superposition with electrons



De Broglie's theory about the wave properties of particles
applics to all particles, even large ones like people. The theory
suggests that particles are indeed separate particles and that the
wave that is assoctated with them (called their wave function)
describes the probability of finding the particle in a particular
place. Practice question 23.5 invites you to calculate the
wavelength of a creeping bacterium, Even for that small particle,
the wavelength is much smaller than the length of the
bacterium, so the wave effects are simply not observable. Wave
properties are only significant for particles of the size of an atom
or smaller.
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Wave-Particle Duality: Light

Does light consist of particles or waves? When one focuses upon the different types of
phenomena observed with light, a strong case can be built for a wave picture:

b -

Polanzation

Diffraction

By the turn of the 20th century, most physicists were convinced by phenomena lke the
above that light could be fully described by a wave, with no necessity for mnvoking a
patticle nature. But the story was not over.



By the turn of the 20th century, most physicists were cotwvinced by phenomena lkce the
above that ight could be fully described by a wave, with no necessity for involing a

particle nature. But the story was not over,

Phenomenon
WaATES.

Reflection AVAVAVRV4
Refraction AVAVAVRV4
Tnterference AVAVAVEYV 4
Diffraction AVAVAVRV4
Dolarization NN v
g A @

Can be explaned i terms of

Can be explaned in terms of
particles.

o— v

Most commonly observed phenomena with light can be explained by waves. But the
photoelectric effect suggested a particle nature for ight. Then electrons too were found to

exhibit dual natures.



Photoelectric Effect

E photon = hv
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Most commmonly observed phenomena with light can be explaned by wawves. But
the photoelectnic effect suggested a patticle nature for ight



Cathode rays

Deflection of

electrons in

electric and
The Electron [ magnetic fields

e/m of the electron

Atomic energy Millikans oil drop
4 levels to determine e

Thermionic emission

Quantum Mechanics Light -

iﬁlacl{ body radiation >

FPhotoelectric effect -

1271100 -

» Wiawe particle duality




Quantum Mechanics

181100 - +7




Quantum Mechanics

18411000 - +7




De Broglie - If light has
a wave-particle duality
what about matter

de Broglie wavelength

The square of the amplitude

of the wave function is equal
to the probability of the particle
being at that point.

shows wave behaviour

Double slit-type . Electron diffraction

Atomic energy
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The Electron
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