TOPIC 26

Photoelectricity 5
The result of an experiment to investigate the energy of
photoelectrons emitted from a metallic surface is represented
by Fig. 1.
stopping
potential
6
0 ... frequency Fig. 1
The gradient of the graph depends on the
A  intensity of the incident radiation.
B wavelength of the incident radiation.
C  work function of the irradiated surface.
D pressure of residual gas in contact with the surface.
E ratio of the Planck constant to the electronic charge.
' J76/11/14
Photon is the name given to
A an electron emitted from a metal surface by the action
of light. '
B aunit of energy, "
C  apositively charged atomic particle.
D an electron emitted from a metal surface by the action
of heat.
E  aquantum of electromagnetic radiation.
J85/1/28; N76/11/33
In an X-ray tube, electrons, each with a charge ¢, are
accelerated through a potential difference V and are then
made to strike a metal target. If & is the Planck constant
and c is the speed of light, the minimum wavelength of the
emitted radiation is given by the formula
h 1% 1%
A 4 g & o &V p e g ke
cV hc h qV q 8
N76/11/34
Light quanta each of energy 3.5 x 10~'° J fall on the cathode
of a photocell. The current through the cell is just reduced
to zero by applying a reverse voltage to make the cathode
0.25 V positive with respect to the anode. The minimum
energy required to remove an electron from the cathode is
A 29x107%) [Electron charge,
B 3.1x10") e=-1.6x10"C]
C 35x10%]
D 39x10%J -
E 64x10"] 177115
26 Quantum Physics 292
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The wavelength of a 5 MeV y-ray is

495x10%¥ m
8.890x 103 m
8.89 %100 m
248 x10P m
248 x 107" m

[Electron charge = -1.6 X 10 C;
Planck constant = 6.6 X 10~ J s;

speed of light =3.0x 108 ms7.] N77111/33

Three energies are listed below.

1 the energy of a photon of a 3 m wavelength radio
wave

2 the energy of an X-ray photon

3 the energy of a photon of yellow light from a sodium
lamp

Which of the following puts these energies in order of
increasing magnitude?
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J78/11/33; N92/1/27

A photon of light enters a block of glass after travelling
through a vacuum. The energy of the photon on entering the
glass block

A increases because its associated wavelength decreases.
B decreases because the speed of the radiation decreases.
C  stays the same because the speed of the radiation and
the associated wavelength do not change.
D  stays the same because the frequency of the radiation
does not change.
E  stays the same because the speed of the radiation and
its wavelength increase by the same factor.
J84/11/14; N83/11/15; N78/11/13

In a photoelectric experiment, the potential difference V that
must be maintained between the illuminated surface and the
collector so as just to prevent any electrons from reaching
the collector is determined for different frequencies f of the
incident illumination. The graph below is obtained.

Vi

o
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What is the maximum kinetic energy of the electrons emitted
at frequency f;? [The symbol e represents the charge on an
electron and 4 is the Planck constant.]

A hf

B Vi/(fi-fp

C hifi-fy

D V| .

E eVi/(fi-fy N78/11/14; 187/1/28

The intensity of the light used in the experiment described in
question. 8 is now increased and the experiment repeated.
Which one of the following graphs is obtained? (The original
graph is shown dotted.)

LA

fo f
E N78/11/15

10 A source emits monochromatic light of wavelength A at
power P. Given that # is the Planck constant and ¢ the speed
of light, the rate of emission of photons is

A Pclh\ D  Phich
B Ac/Ph E PMhe
C  hc/PA J79{I]/I4

11 In a photoemission experiment, the wavelength of the light
incident on the target material is increased. What is the effect
of this change of wavelength on the kinetic energy of the
photoelectrons produced?

The average kinetic energy decreases.
The average kinetic energy increases.
The maximum kinetic energy increases.
The minimum kinetic energy decreases.
The minimum kinetic energy increases.
N79/11/13; J88/1/28

HOoOO®=»

12 In a photoelectric emission experiment using light of a
certain frequency, the maximum kinetic energy E, of the
emitted photoelectrons is measured.

Which graph represents the way in which E} depends on the
intensity / of the light?

A B
Ey Ey

00 7 00
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Ey Ey
I80/11/15;
ol . 0 N87/1/29;
0 1 0 I 199/1/28

13 In a photoelectric experiment, electrons are ejected from

metals X and Y by light of frequency f. The potential
difference V required to stop the electrons is measured for
various frequencies.

If Y has a greater work function than X, which graph
illustrates the expected results? .

A B
v 174
X X
4 rd
/’Y Y
/7 ’d
/ “4
% 7 % 7
D E
v , v y
Y/ Y/
/
7 /%
y /
05 - 05 -

N8O/II/11; N93/1/28

14 Which one of the following has the largest energy content?

A 102 photons of wavelength 1 pm (y-rays)

B 10° photons of wavelength 2 nm (X-rays)

C 106 photons of wavelength 5 pm (infra-red radiation)

D 107 photons of wavelength 300 nm (ultraviolet-
radiation)

E

10® photons of wavelength 600 nm (yellow light)
. N8O/11/34

15 In a series of photoelectric emission experiments, a number

of metals of work functions ® were illuminated with
monochromatic light of different frequencies v and
intensities I. It was found that, for each experiment, the
emitted electrons emerged with a spread of kinetic energies
up to a certain maximum value. This maximum kinetic
energy depends on

A Obutnotonv,orl. D vand/butnot on .
B ®and/butnotonv. E &®,v,and ]/

C @®andvbutnotonl/. N81/11/16

16 A beam of monochromatic radiation falls on to a metal X

and photoelectrons are emitted. The rate of emission of
photoelectrons will be double if

a beam of double the intensity is used.

radiation of double the frequency is used.

radiation of double the wavelength is used.

the thermodynamic temperature of the metal is doubled.

a metal with a work function half that of X is
substituted for X. J182/11/14

HoOw >
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17 A student connects a photocell to a supply and finds that

when the cell is exposed to monochromatic radiation a
current flows only when the potential difference across the
cell is less than 1.6 V., What is the maximum energy of the
emitted electrons?

A 1.0x10"]

B 26x10")

C 48x10')

D 16]

E 1.0x10*"%] N84/11/14

18 Which one of the following statements, referring to photo-

electric emission, is always true?

A No emission of electrons occurs for very low intensity
illumination.

B For a given metal there is a minimum frequency of
radiation below which no emission occurs.

C  The velocity of the emitted electrons is proportional to
the intensity of the incident radiation.

D The number of electrons emitted per second is
independent of the intensity of the incident radiation.

E The number of electrons emitted per second is
proportional to the frequency of the incident radiation.

1851/27

19 A metal surface in an evacuated tube is illuminated with

monochromatic light causing the emission of photo-electrons
which are collected at an adjacent electrode. For a given

intensity of light, the way in which the photocurrent -

depends on the potential difference V between the electrodes
is as shown in the diagram below.

4

0 "4
If the experiment were repeated with light of twice the
intensity but the same wavelength, which of the graphs
below would best represent the new relation between / and

V? (In these graphs, the result of the original experiment is
indicated by a broken line.)

A B C
T I I
/ A
0 v 0 7 0 7
D E
Ik 14
il A d
0 4 0 4 N86/1/28
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20 In an experiment on the photoelectric effect, an evacuated

photocell with-a pure metal cathode is used.

Which graph best represents the variation of y, the minimum
potential difference needed to prevent current from flowing,
when x, the frequency of the incident light, is varied?

A B C

0 0 / 0

0 X 0 X 4] X

D E
| \ y]/
OO X 00 X

N8&/1/29

21 In experiments on the photoelectric effect, different metals

were illuminated with light from various monochromatic
sources of different frequencies and variable intensities. It
was found that, for a given metal, frequency and intensity,
electrons were emitted with a spread of kinetic energies up to
a maximum value.

On what does this maximum kinetic energy depend?

Jrequency intensity
metal of light of light
A X v v
B v 4 X
C v X v
D v v v

N89/1/29; 198/1/28

22 When a clean metal in a vacuum is irradiated with

monochromatic ultraviolet radiation, electrons are emitted.
Which of the following will double if the intensity of the
ultraviolet radiation is doubled?

the maximum speed of the electrons

the maximum kinetic energy of the electrons
the rate of emission of the electrons

the threshold frequency of the metal surface
the work function of the metal surface.

HOOW»

Jo0/29

23 Light quanta of energy 3.5 x 107" J fall on the cathode of a

photocell. The current through the cell is just reduced to
zero by applying a stopping potential of 0.25 V.

What is the work function energy of the cathode?

A 29x107)
B 3.1x10°7]
C 35x10%)
D 39x10"J
E 64xi0"] N90/1/29
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24 An ultra-violet source of radiation causes the emission of
electrons from a zinc plate. What would be the effect of a more
intense source of the same wavelength on the maximum energy
per electron, and on the number of electrons emitted per

second?
maximum energy  number of electrons emitted
per electron per second

A less more

B the same the same

C the same more

D more the same

E more more

N91/1/28

25 Which graph shows how the energy E of a photon of light
is related to its wavelength A?

A B
El Ei
0 - 0] >
0 A 0 A
C D
E Eh o 0
0/ 0 192/1/29;
0 A 0 A J96/1/28

26 An ultraviolet radiation source causes the emission of
photoelectrons from a zinc plate.

How would the maximum kinetic energy E of the
photoelectrons and the number of photoelectrons emitted per
second n be affected by substituting a more intense source of
the same wavelength?

Ek n
A decreased increased
B unchanged unchanged
C  unchanged increased
D  increased unchanged
E increased increased 192/1/30

27 Two beams, P and Q, of light of the same wavelength, fall

upon the same metal surface causing photoemission of

electrons. The photoelectric current produced by P is four
times that produced by Q.

Which of the following gives the ratio

wave amplitude of beam P o
wave amplitude of beam Q

A Y% B Y3 C 2 D 4 E I6
: 193/1/28

28 Which of the following physical phenomena cannot be
described only by the wave theory of electromagnetic
radiation?
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diffraction
interference
photoelectric emission
. polarisation
the reduction in radiation intensity with distance from a
point source N93/1/27

HOoOw >

29 In a series of photoelectric vi
emission experiments on a
certain metal surface, possible
relationships between the
following quantities were
investigated: threshold frequency
fo» frequency of incident light f,
light intensity P, photocurrent /, 0 - >
maximum kinetic energy of
photoelectrons Tyjax.

Two of these quantities, when plotted as a graph of y against
x, give a straight line through the origin.

Which of the following correctly identifies x and y with the
photoelectric quantities?

y
fo

Tmax

onw >
v v N~ x
\i\

N96/1/28

max

30 When electromagnetic radiation
falls on a particular metal £ /
suiface, photoelectrons may be /
emitted. If a graph is plotted of /
the maximum kinetic energy E of /
these electrons against frequency /
f of the radiation, the result is as 0 Vi
follows. 0 f

When the experiment is repeated using another metal of
- greater work function energy, which graph is obtained?

A B

first first
experiment experilment
7/

0
0 f
c D
first first
experiment experiment
/ /

0 f 0 [ N98/1/28
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31 The maximum kinetic energy of photoelectrons ejected
from a tungsten surface by monochromatic light of
wavelength 248 nm was found to be 8.6 x 10°% ], Find
the work function of tungsten.

[The Planck constant, h = 6.6 X 10 J s; speed of light,
c=3.0x10* m s7!; electronic charge, e = -1.6 x 107 C.]
N77/1/4

32 Light of photon energy 3.5 eV is incident on a plane
photocathode of work function 2.5 V. Parallel and close to
the cathode is a plane collecting electrode. The cathode and
collector are mounted in an evacuated tube.

(a) Find the maximum Kkinetic energy E,,, of photo-
electrons emitted from the cathode. (Express your
answer ineV.)

(b) Find the minimum value of the potential difference
which should be applied between collector and
cathode in order to prevent electrons of energy Ep..
from reaching the collector for electrons emitted
(i) normal to the cathode, (ii) at an angle of 60° to the
cathode. J791/3

33 In a photoelectric experiment, light of frequency 8.2 x 101
Hz falls on a metal surface in a vacuum tube. It is found
that the maximum kinetic energy of the emitted electrons is
1.2 eV. Find the work function of the metal and outline
briefly how the maximum kinetic energy of the electrons
could be measured. N81/1/5

34 A vacuum photoemissive cell in which the emitter and
collector are of the same metal is connected in the circuit
shown in Fig. 3(a). The emitter is illuminated with mono-
chromatic radiation of wavelength 365 nm and the current /
in the circuit is measured for various values of the applied
potential difference V between collector and emitter. The
results are shown in the graph in Fig. 3(b).

365 nm

Fig. 3(a)
fnat
S
A =365 nm
-1 4} 1 2
viv
Fig. 3(b)

(a) Find the maximum kinetic energy of the photo-
electrons. -
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(b) Deduce the work function of the emitter.
(Express your answer in volts.)

(c) If the experiment were repeated using monochromatic
radiation of wavelength 313 nm, where would the new
graph meet the V-axis? N83/1/6

35 In a photoelectric emission experiment a metal surface in
an evacuated tube was illuminated with monochromatic
light. If the experiment were repeated with light of the same
wavelength, but of rwicethe intensity, how would this affect

(a) the photon energy,
(k) the maximum kinetic energy of the photoelectrons,

(c¢) the work function of the metal,

(d) the photocurrent? J86/11/7
36 Find the energy of a photon of electromagnetic radiation of
wavelength 0.15 nm. In which region of the electro-magnetic
spectrum is this radiation? N86/11/6

37 When light of frequency 8.22 X 10" Hz is incident on the
surface of caesium metal, it is found that the maximum
kinetic energy of the emitted electrons is 2.00 x 107" J.

Calculate the threshold frequency for photoelectric emission
from caesium.

In which region of the electromagnetic spectrum does the
incident frequency lie? [4] N87/11/6

38 Calculate approximate values for the maximum and

minimum energies of photons of visible light. [4]
J89/11/7

39 Light of wavelength 436 nm is used to illuminate the surface
of a piece of clean sodium metal in a vacuum.

(a) Calculate the energy of a photon of light of this wave-
length.

(b) Use your answer to (a) to determine the maximum
energy of the photoelectrons if the maximum wave-
length of light which can produce photoelectrons from
sodium is 650 nm. [5] N89/II/5

40 (a) What is meant by the term threshold frequency as
applied to the photoelectric effect? [1]

(b) Explain why the maximum possible kinetic energy of
a photoelectron is independent of the intensity of the
. incident light. [2]

(c) Ultra-violet radiation of frequency 4.83 x 10" Hz
is incident on a metal surface and the resulting
photoelectrons have a maximum Kkinetic energy of
1.28 x 107'8 J, Calculate

(i) the energy of a photon of this radiation,

(ii) the maximum kinetic energy of the photo-
electrons produced by radiation of frequency
6.76 x 10** Hz incident on the same metal
surface. [61 Joor1/7
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41 (a) ()

(ii) Show that E, the energy of a photon, is related
to A, its wavelength, by

EA=1.99x 107,

What is a photon?

where £ is measured in J and A is measured in nm. [5]

(b) Two metal electrodes A and B are sealed into an
evacuated glass envelope and a potential difference V,
measured using the voltmeter, is applied between them
as shown in Fig. 4.

Q1
N

o+
variable
o d.c. supply

/4

Fig. 4

B is then illuminated with monochromatic light of
wavelength 365 nm and /, the current in the circuit, is
measured for various values of V. The results are
shown in Fig. 5.

IhA }
4

Y

wv
Fig. 5

(i) From this graph, deduce the p.d. required to stop
photoelectric emission from B.

(i) Calculate the maximum kinetic energy of the
photoelectrons.

(iii) Deduce the work function energy of B. [5]
ownnm

42 In order to investigate the photo-electric effect, a student set
up the apparatus illustrated in Fig. 6.

electrode 7
L]
radiatior;\”"\. o N :
' ——
metal I

Fig. 6
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The wavelength of the radiation incident on the metal
surface was varied. For two values of wavelength A, the
stopping voltage Vg required just to prevent electrons
reaching the electrode was measured. The results are shown
in Fig. 7.

VIV
1.00

0.75

0.50

0.25

0 A
350 400 450 500

Fig. 7

550
Alnm

(a) What is the maximum kinetic energy of a photo-
electron emitted from the metal surface by radiation of
wavelength 380 nm? [2]

(b) Calculate the energy of a photon of wavelength
380 nm. [2]

(c) Using your answers to (a) and (b), calculate
(i) the work function energy of the metal surface,
(ii) the threshold wavelength. [3]

(d) Suggest why it is not possible to deduce the threshold
wavelength of this metal surface directly from Fig. 7.
[11J95/11/7

43 Electromagnetic radiation is incident normally on the surface
of a metal. Electrons are emitted from the surface and these
are attracted to a positively charged electrode, as shown in
Fig. 8.

electromagnetic
radiation
electrode
evacuated
enclosure ', _— I_
metal
surface
(uA)
L
Fig. 8

{a) Name the effect which gives rise to the emission of the
electrons. [n

(b) State a word equation, based on the principle of
conservation of energy, which describes this effect... [2]

(c) ‘The current recorded on the microammeter is 2.1 pA.
Calculate the number of electrons emitted per second
from the surface.

number per second =.........cceeivnniinnenininnns (2]
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(d)

The incident radiation has wavelength 240 nm.
Calculate the energy of a photon incident on the
surface.

CNETEY = covinernieiniintinnesiesienssessisseessssasnssnessene J[2]

(e) ‘The intensity of the incident radiation is 8.2 X 10° Wm™2,
The area of the surface is 2.0 cm?. Calculate

(i) the power of the radiation incident on the surface,

POWET Zreiiiiiiieiininrririesiseniisssssnsssssesieessmssoseneens w
(ii) the number of photons incident per second on the

surface.

number per SECONd S......o.civurernveenvernrenenneeeiinnens

(iii) Hence determine the ratio
number of electrons emitted per second

number of photons incident per second

TALO S.iiciiiieiieieneereiaensersnrrsreneesssnnsessssesssessssasasans [4]

(f/  Comment on your answer to (e)(iii). (11
J97/11/6

44 (a) A source of ultra-violet light has wavelength
2.55 x 10"m. Calculate the energy of a photon of

this wavelength. [2]

(b) The source referred to in (a) illuminates a zinc plate

which has been cleaned and placed a few millimetres
beneath a piece of gauze as shown in Fig. 9. Photo-
electrons are emitted from the plate and are attracted to
the positive gauze because of the potential difference-V
between the plate and the gauze. When V is varied it is
found that the photoelectric current varies as shown in
curve A of Fig. 10.

ultra-violet
light

———

Fig. 9 T

photoelectric
current

| increasing
| _ intensity of
B illumination

—» potential

Fig. 10
difference

(i) Explain why, for curve A, the photoelectric
current reaches a maximum value no matter
how large V is made.
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(i) The battery connections are reversed so that the
potential difference V is made negative. Photo-
electrons are now repelled, but some still reach
the gauze. Explain why some electrons still reach
the gauze. (4]

(c) ‘The intensity of illumination is then increased and the
experiment repeated to obtain curve B in Fig. 10.

(i) Explain why the maximum photoelectric current
is increased.

(ii)) Suggest why the value of V necessary to prevent

any photoelectric current remains constant. 3]
N97/11/8

45 (q)

Describe the phenomenon of photoelectric emission. [3}

(b) Give the meaning of the following terms, as used in
describing the photoelectric effect.
(i) photon
(ii) work function energy
(iii) threshold frequency [4]
(c) Calculate the energy of a photon of light of wavelength
5.89% 107" m. (3]

J2000/11/6

Long Questions .
46 Explain whatis meant by photoelectric emission.

The current from a photoemissive photoelectric cell can be
reduced to zero by the appropriate application of a potential
difference V when the cell is illuminated by a light of
frequency v. Sketch a graph to illustrate the variation of V
with v.

Derive a formula for V in terms of v and other constants.
N76/111/5 (part)

47 A beacon emits millisecond flashes of green light of
frequency 6.2 x 10" Hz uniformly in all directions at one
second intervals. The light power during each flash is 10 W.
An observer has a telescope with an aperture of area
2.0 x 10 m? . His eye-brain system perceives a flash of
light when 50 or more photons are incident on a small area
of his retina in less than 0.1 s.

Estimate (i) the number of photons emitted by the beacon in
one millisecond, (ii) the maximum range at which the beacon
might be detected by the observer using the telescope.

(The Planck constant, h = 6.6 X 10-% J s.] -
J8O/1/2 (part)

48 what do you understand by (a) the Planck constant, /,
(b) the work function, ®, of a conductor?

Describe how & and ® may be determined using the
photoelectric effect. Indicate how the readings are processed
to arrive at the required results. Explain how energy
conservation is involved in the theory of the experiment.
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In a photomultiplier tube, incident light ejects electrons from
a cathode. These are accelerated and strike a target from
which 5 clectrons are ejected for every incident electron.
These 5 electrons are accelerated, strike a second target so
producing 25 electrons and so on. The photo multiplier tube
contains a series of 9 such targets.

(i) If the electrons emitted from the final target constitute
a current of 0.10 mA, calculate the rate at which photo-
clectrons are ejected from the cathode.

(ii) The incident light has wavelength 400 nm but, at this
wavelength, only one in three of the incident photons
succeeds in ejecting a photoelectron from the cathode.
Calculate the light power incident on the cathode.

[The Planck constant, i = 6.6 X 107 ] s,
The speed of light in vacuo, c=3.0x 10* ms™".

The charge on the electron, e =-1.6 x 107 C.]  N80/I1I/2

49 In a photoelectric emission experiment, ultra-violet radiation,

of wavelength 254 nm and of power per unit area
210 W m2, was incident on a silver surface in an evacuated
tube, so that an area of 12 mm? was illuminated. A
photocurrent of 4.8 x 107" A was collected at an adjacent
electrode.

(a) What was the rate of incidence of photons on the silver
surface?

(b) What was the rate of emission of electrons?

(c) The photoelelectric quantum yield is defined as the
ratio

number of photoelectrons emitted per second

number of photons incident per second

(i) Find the quantum yield of this silver surface at the
wavelength of 254 nm.

(ii) Give two reasons why this value might be
expected to be much less than one.

(d) When the experiment was repeated with ultra-violet
radiation of wavelength 313 nm, no photoelectrons
were emitted. Explain this observation.

J83/1/16 (part)

50 Describe an experiment to measure the maximum energy of

photoelectrons emitted from a metal. With the aid of a sketch
graph, summarise the results of such experiments with light
of different frequencies and with different metals. Show how
a value of the Planck constant may be deduced from the
results, and explain how simple wave theory fails to account
for them. 184/111/2 (part)

51 A metal surface in an evacuated tube is illuminated with

monochromatic light, and the photoelectrons emitted are
coliected at an adjacent electrode of the same metal. The
photoelectric current / depends on the frequency f of the
incident light, and potential difference V between collector
and emitter, and the incident power P. Draw sketch graphs to
show how [ varies with

299

(i) f: Vand Premaining constant,
(ii) V: P and fremaining constant,
(iii) P; fand V remaining constant.

Give an explanation, in terms of the photon theory of light,
of the main features of these graphs.

N

N TR
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240

NN\
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W24
ORI
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VT

N

Cathode first dynode tenth dynode anode
Fig. 11

A very weak beam of light may be detected using a device
known as a photo-multiplier (Fig. 11). The incident light
causes photoelectrons to be emitted from a cathode; these are
accelerated and strike a target electrode, called the first
dynode. For each electron incident, six leave the dynode.
These six are accelerated to a second dynode, so producing
36 electrons, which are all accelerated to the third dynode,
and so on. The photomultiplier contains a series of ten
dynodes in all.

e ¢
-

\
\
N

L

\
\
E
N

(a) If a single photoelectron arrives at the first dynode,
how many electrons leave the tenth dynode?

(b) If electrons emitted from the tenth dynode are collected
and constitute a current of 7.2 pA, at what rate are
photoelectrons emitted from the cathode?

(c) The incident light has a wavelength of 365 nm. At this
wavelength one in three of the incident photons ejects
an electron from the photocathode. Find the power of
the incident light. N85/11/12

52 (a) Place the visible, infra-red, ultra-violet and X-ray

regions of the electromagnetic spectrum in order of
increasing photon energy. Give a typical photon energy
for visible light. 4]

N88/111/9 (part)

53 (a) What is the photoelectric effect? Outline how this

effect may be demonstrated experimentally. [5]

(b) In one demonstration, photoelectrons are being
produced at a rate of 2.7 X 10'* per second. Assume
each electron has an energy of 1.2 x 1071?J,

(i) Calculate the current giving this rate of
pro-duction of photoelectrons.

(ii) Define electromotive force (e.m.f.) and hence
determine the e.m.f. generated. [5]

(c) State, with a reason, what modifications to the
apparatus of the demonstration which you have out-
lined in (a) would be required, separately, to increase

(i) the energy of a photoelectron,
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(d)

(e)

54 (a)

(b)

55 (b)

(c)

56 (a)
(b)

(c)

26 Quantum Physics

(ii) (4]

What does the photoelectric effect demonstrate about
the nature of electromagnetic radiation? In what way
does diffraction of light give rise to a theory which
is inconsistent with the evidence shown by the
photoelectric effect? [3]

Describe how the evidence provided by experiments to
show the wave nature of electrons enabled the apparent
inconsistency in (d) to be explained. [3] N92/111/6

the rate of production of photoelectrons.

Describe a laboratory demonstration which cannot be
explained by the wave theory of light but which
requires an explanation in which light has a particulate

nature. [4]

For light of wavelength 5.62 X 1077 m, calculate

(i) its frequency,

(ii) the energy of a photon,

(iii) the rate of emission of photons for a light power
of 18.7W. {61

J93/111/6 (part)

(i) State what is meant by the photoelectric effect.

(ii) Give three of the experimental observations
associated with this effect, [5]

(i) A lamp is placed above a metal surface which

contains atoms of radius 2.0 x 107'® m. Each
electron in the metal requires a minimum energy
of 3.2 x 107"*J before it can be emitted from the
metal surface, and it may be assumed that the
electron can collect energy from a circular area
which has a radius equal to that of the atom. The
lamp provides energy at a rate of 0.40 W m™? at
the metal surface.

Estimate, on the basis of wave theory, the time
required for an electron to collect sufficient
energy for it to be emitted from the metal.

(5]
J94/111/5 (part)

(ii) Comment on your answer to (c)(i).

Give an expression for E, the energy of a photon, in
terms of f; its frequency, and A, the Planck constant. [1]

State a wavelength within the visible spectrum and, for
that wavelength, calculate the energy of a photon.  [3]

Wave theory predicts that, if electromagnetic radiation
strikes a metal surface and ejects an electron, the
kinetic energy of the electron should depend on the
intensity of the wave. Observation shows that, in its
interaction with matter to release an electron, it is the
frequency of the electromagnetic wave, and not the
intensity, which controls the maximum kinetic energy
of the electron.

(i) What is the name given to the effect of using
electromagnetic radiation to cause an electron to
be emitted from a metal surface?

(d)

(ii) Explain how this effect gave evidence for the
particulate nature of electromagnetic radiation in
its interaction with matter.

(iii) What is meant by the term threshold frequency
for the wave? (6]

Figure 12 is a graph showing the maximum Kkinetic
energies, in electron volts, of electrons emitted from a
sodium surface by light of different frequencies from a
hydrogen light source.

18
1.4
1.2
maximum
kinetic 10
energy of
emitted o8
electrons/eV o
0.4
02
0
3 4 5 6 8
frequency/10'4 Hz
Fig. 12
(i) What energy is 1 electron volt (1 eV) when
expressed in joules? [1
(ii) What is the threshold frequency for sodium? [1]
(iii) Calculate the work function energy, in joules, for
sodium. [2]
(iv) In calculations on electron emission, an equi\tion
which is often used is
photon energy = work function energy +
maximum kinetic energy of the emitted electrons
With the help of the graph, state the numerical
values for these three terms when the incident
radiation from the hydrogen lamp has a frequency
of 6.2x 10" Hz. (3]
(e) The frequencies of light from the lamp, shown by

57 (a)

(b)

300

the small circles on the graph in Fig. 12, are the only
frequencies obtained in this range. Explain how this
shows the existence of discrete energy levels in
hydrogen atoms. Without giving numerical values,

sketch the pattern of these levels. [3]
NO94/111/6

(i) Describe the photoelectric effect. [3]
(iiy Explain how the photoelectric effect provides
evidence for a particulate nature of electro-
magnetic radiation. [4]

The graph drawn in Fig. 13 shows how the maximum

kinetic energy E}. of a photoelectron from a particular
material varies with the frequency f of the electro-
magnetic radiation that causes the emission of photo-
electrons.
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Fig. 13
(i) Use the graph to determine
1. the threshold frequency for this material,

2. the maximum kinetic energy of photo-
electrons from this material when it is
illuminated with electromagnetic radiation
of frequency 18.0 x 10'4 Hz. Give your
answer in joules. [4]

(ii) Use the photoelectric equation and your.answers
from (i) to determine the Planck constant. [3]
N2000/111/6 (part)

Wave-Particle Duality

58 Light of frequency 5 x 10" Hz consists of photons of

momentum

A 40x10%kgms!

B 37x10%kgms™

C 1.7x10%kgms

D 1.1x107kgms”!

E 33x10%kgms! J76/11/13

59 The de Broglie wavelength of a rifle bullet of mass 0.02 kg
which is moving at a speed of 300 m s~' is

A 73%x10%m

B 18x10%m

C 1I1x10%m

D 99x10%m

E 14x10%m

[The Planck constant, h = 6.6 x 1073 J 5.] J77M1/33

60 The wave nature of electrons is suggested by experiments on

A
B
C
D
E

line spectra of atoms.

the production of X-rays.

the photoelectric effect.

electron diffraction by a crystalline material.

B-decay of nuclei. N79/11/33

61 Smaller objects may be distinguished in electron micro-
scopes than in optical microscopes because

" gam>

26 Quantum Physics

electrons are smaller than visible quanta,

the electrons travel much faster than light.

there is no chromatic aberration with electrons.

the electron wavelength is much shorter than that of
visible light.

the electrons are not diffracted. N79/11/39

62 In 1923, de Broglie suggested that an electron of momentum
p has properties corresponding to a wave of wavelength A.
Which one of the following graphs correctly shows the
relationship between A and p?

N
\K

63 A beam of light of wavelength A is totally reflected at normal
incidence by a plane mirror. The intensity of the light is such
that photons hit the mirror at a rate n. Given that the Planck
constant is A, the force exerted on the mirror by this beam is

J80/11/37

A nhA

B  nh/A

C 2nh)

D 2n\/h

E 2nh/A N8O/II/15

64 1f the de Broglie waves associated with each of the following
particles are to have the same wavelength, which particle
must have the smallest velocity?

A proton

B o-particle

C %H nucleus (deuteron)

D electron

E  neutron N81/11/35

65 What is the de Broglie wavelength of a particle of mass m
and kinetic energy E?

[ A is the Planck constant. ]
A  hV(Q@2mE)

Y @mE) I h

h 1N (mE)

hiN 2mE)
hN2/V(nE) N82/11/33

o O0Ow

66 The intensity of a beam of monochromatic light is doubled.
Which one of the following represents the corresponding
change, if any, in the momentum of each photon of the

radiation?

A increased fourfold D  halved

B  doubled E  reduced fourfold

C  thesame 183/11/34
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67 An electron has mass m, and speed 0.02 ¢, where ¢ is the
speed of light in free space.

What is the de Broglie wavelength of this electron, expressed
in terms of the Planck constant /?

h h
0.020) ©.020mg
0.02 0.
(0.02c) ©02me 1 000r1ras

h h

68 Elcctrons are accelerated from rest by a p.d. of 1000 V in a
vacuum. After passing through a very thin crystal, many are
observed to emerge with a deflection of 5°. If the
accelerating potential is now doubled

(a)
(b)

calculate the ratio of the new electron speed to the old,

calculate the wavelength associated with the electrons
at the higher speed.

(c) what new angle of deflection corresponds to the wave-
length in (b)?

[Electron charge = —1.6 x 10-"® C; electron mass = 9.1 x 10-¥
kg; the Planck constant = 6.6 x 103 J s.]
N76/1/4

69 Find (a) the energy, (b) the momentum, of photons of light
of wavelength 500 nm.

[Speed of light, ¢ = 3.0 x 10* m s™!; the Planck constant,
h=66%10%]s.]
J71/2

70 What information can be deduced about the nature of
(a) crystalline solids, (b) electrons, from the experimental
observation that electrons of suitable energies are strongly
scattered in certain directions by crystals? Make an estimate
of the minimum energy of the electrons for them to be
diffracted in this way, showing how you arrive at your
answer.

[Take the Planck constant & as 7 x 10~ J s and the mass of
the electron mgas 1 x 10 kg.]
N78/1/11

71 Find an expression for the de Broglie wavelength of an
electron in terms of its kinetic energy E, the electron mass
mye, and the Planck constant 4.

J79/111

72 Electromagnetic waves consist of transverse, sinusoidally-
varying, electric and magnetic field components,
perpendicular to each other and to the direction of
propagation. The speed of propagation in vacuum is constant
for electro-magnetic waves of all wavelengths.

A beam of electrons has an associated wave property.
Because it consists of a stream of moving electric charges, it
also produces a magnetic field. The beam can pass through a
vacuum. Discuss very briefly whether, on the basis of these
experimental facts, electron beams could be classified as
electromagnetic waves. J84/1/6
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73 Electron diffraction experiments show that the wavelength
associated with a certain electron beam is 0.5 nm. Find
the momentum of an electron in the beam. Through what
potential difference should the electrons be accclerated
from rest to acquire this momentum? N84/1/10

74 Under certain conditions, electrons show wave-like
properties. Find the wavelength of an electron of kinetic
energy 1 x 107'% J,

This energy is typical of electrons in atoms. Comment on
the wavelength you have calculated in relation to the size
of an atom. N8S/1/7

7§ Evidence for the wave nature of the clectron comes from
experiments in which an electron beam is diffracted by the
atoms in a crystalline solid.

(a) Write down an approximate value for the separation of
neighbouring atoms in a typical crystalline solid.

(b) If the electron wavelength is comparable with this
interatomic separation, estimate the momentum of an
electron in the beam. [3]1 N87/11/7

76 A parallel beam of violet light of wavelength 4.5 X 107 m
and intensity 700 W m~2 is incident normally on a surface.

(a) Calculate

(i) the energy of a photon of violet light,
energy = wooeovveennnn J

(ii) the number of photons incident per second on
1.0 x 104 m? of the surface.
NUMDbEr = .o [3]

(b) (i) State the de Broglie relation for the momentum p
of a particle in terms of its associated wavelength

A

Use the equation in (i) to calculate the momentum
of a photon of the violet light.

(i)
momentum = .............. Ns[2]

(c) () Use your answers to (a} and (b) to calculate the
change in momentum of photons incident on
1.0 x 104 m?2 of the surface in one second.
Assume that the photons are absorbed by the
surface.
change in momentum = ............... Ns
(ii) Suggest why the quantity you have calculated in
(i) is referred to as a ‘radiation pressure’ . 3]
N98/M/7

Long Questions

77 Electrons injected at right angles into a magnetic field of flux
density 0.1 T follow circular paths of radius 2 x 107 m.
Explain how this happens and calculate the wavelength
associated with such electrons. [8]

[electronic charge, e =~1.6 x 10" C;

the Planck constant, h = 6.6 X 1073 J 5.] N77/111/5 (part)
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78 Outline an experiment to demonstrate the phenomenon 81 (c) (i) Electromagnetic waves have a wave nature as

of electron diffraction. Summarise the results of such well as a particulate nature. This is known as
experiments with electrons of various speeds. State the de wave/particle duality. Describe a situation in
Broglie relationship, and explain how simple particle theory which particles can be shown to have a wave
fails to account for this relationship. nature, 31

(ii) Calculate the wavelength of a particle of mass
1.82 x 1072® kg when travelling with a speed
equal to 10% of the speed of light. [3]

N2000/111/6 (part)

A certain electron stream and an X-ray beam produce
identical diffraction patterns when they interact with the
same object. Deduce an expression for the potential
difference V required to accelerate the electrons from rest in
terms of the wavelength of the X-ray beam, the charge and
mass of the electron, and the Planck constant.

J84/111/2 (part)

79 Draw a labelled diagram of an apparatus which may be used
to demonstrate the phenomenon of electron diffraction.

Sketch a typical diffraction pattern obtained in this
experiment, and explain qualitatively why it has this form.

Explain very briefly the significance of this experiment.

Two large plane metal electrodes are arranged parallel to
each other in an evacuated tube. One (the collector) is at a
positive potential with respect to the other (the emitter).
Starting from rest, an electron leaves the middle of the
emitter and moves perpendicularly to the plates towards the
collector. Sketch clearly-labelled graphs showing how the
following quantities depend on the distance x from the
emitter:

(a) the electric potential energy Ep of the electron,
(b) its kinetic energy Ej,

(c) itsspeed v,

(d) its associated wavelength A.

If the accelerating potential is 150 V, find the wavelength

associated with the electron as it reaches the collector.
J86/11/12

80 (a) Outline and explain experimental observations, one in
each case, which provide evidence for the following
statements:

(i) Lightis a wave motion.

(ii) Light consists of photons having some of the
properties of particles.

(iii) Electrons are particles.

(iv) A beam of electrons has wave properties. [16]

(b) Observations such as those listed in (a) have led to the
idea of wave-particle duality.

(i) Explain what is meant by the term wave-particle
duality.

(ii) Why is it that sound waves are not normally
considered as having particle-like properties, nor
raindrops as having wave-like properties? [6]

J89/11/12
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