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Energy and momentum of a photon

Quantum physics

Candidates should be able to:
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understand that electromagnetic radiation has a particulate nature
understand that a photon is a quantum of electromagnetic energy
recall and use E = hf

use the electronvolt (eV) as a unit of energy
understand that a photon has momentum and that the momentum is givenbyp=£E/c
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22.2

Photoelectric effect

Candidates should be able to:

1

A o W P

understand that photoelectrons may be emitted from a metal surface when it is illuminated by
electromagnetic radiation

understand and use the terms threshold frequency and threshold wavelength

explain photoelectric emission in terms of photon energy and work function energy

recall and use hf=@ + Imv__ ¢

max
explain why the maximum kinetic energy of photoelectrons is independent of intensity, whereas the

photoelectric current is proportional to intensity
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7 Some data for the work function energy @ and the threshold frequency f, of some metal

For
surfaces are given in Fig. 7.1. Examiner’s
Use
metal ®/10719) f,/ 10" Hz
sodium 3.8 5.8
zinc 5.8 8.8
platinum 9.0
Fig. 7.1

(a) (i) State what is meant by the threshold frequency.

[2]

(ii) Calculate the threshold frequency for platinum.

WorK  Fundien , D = R L

I @'F' Q. oxlo '= @53!101{)43
?,, AL b » 1136111} 3

L
‘5 Q.N Q-Lxw threshold freqUENCY = .......oveeeeeeeeeeeceeeeeeeeseeeane. Hz [2]

(b) Electromagnetic radiation having a continuous spectrum of wavelengths between
300nm and 600nm is incident, in turn, on each of the metals listed in Fig. 7.1.

Determine which metals, if any, will give rise to the emission of electrons.

A:3oomm ., Ca FA B ,F %\HEL’“"E Irnxlclgkg

200%15
Az boonm :  Ca ’? Do Fe 2oomd | Si0x10 1%
" Gox159
ONwen YOO ALA... 084.... ... AR, Yexge B onmd

Q-QWU“ .......... . Sodduns . onnd BN 2]

(¢) When light of a particular intensity and frequency is incident on a metal surface,
electrons are emitted.

State and explain the effect, if any, on the rate of emission of electrons from this surface
for light of the same intensity and higher frequency.

I e, o "R fatons ) ( o)
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6 (a) Explain what is meant by a photon of electromagnetic radiation.

Digecele,. poacked o Qpaium. & omewma o
..... 2: mfﬂdkﬂlwns dexlidiad . ‘0:3 £

(b) The photoelectric effect provides evidence for the particulate nature of electromagnetic
radiation. State three experimental observations that support this conclusion.

(c) Electromagnetic radiation of wavelength A4 and intensity I, when incident on a metal
surface, causes n electrons to be ejected per unit time. The maximum kinetic energy of

the electrons is E__. . : ne Ce

State and explain the effect, if any, on nand E_,, when tA
E= @ +
R'F rR £ 2

(i) the intensity is reduced tn = I but the wavelength Ais unchanged

Bo. SUR. *n‘“P-cLUCP.:::l S Qfdlﬂ

(ii) the wavelength A is reduced but the intensity I is nnt@haan
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7 Experiments are conducted to investigate the photoelectric effect. Eor

Examiner’s
(a) It is found that, on exposure of a metal surface to light, either electrons are emitted | Use
immediately or they are not emitted at all.

Suggest why this observation does not support a wave theory of light.

+..el0ckton, Rog e OOty

(b) Data for the wavelength 4 of the radiation incident on the metal surface and the maximum
kinetic energy E, of the emitted electrons are shown in Fig. 7.1.

Afnm E 018
650 =
240 4.44
Fig. 7.1

(i) Without any calculation, suggest why no value is given for E . for radiation of
wavelength 650 nm.

(ii) Use data from Fig. 7.1 to determine the work function energy of the surface.

= - work fudlsr B

Pholon
Re - @ + €
R £
(cx™)(Eooxid) | 4 i liys"
2.4p X1
WOrk TUNCHON erergy = ..coconarimmiimemmsim s J [3]
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(c) Radiation of wavelength 240nm gives rise to a maximum photoelectric current I. Eor

The intensity of the incident radiation is maintained constant and the wavelength is NnOwW | Examiners
reduced. Use

State and explain the effect of this change on

(i) the maximum kinetic Bnergy of the photoelectrons,

H‘iH%o -—chhr) -
&CQM’P,J,“

—

(ii) the maximum photoelectric current I.

A
..... I\La&u‘—n,burmt“
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8 (a) Explain why, for the photoelectric effect, the existence of a threshold frequency and a
very short emission time provide evidence for the particulate nature of electromagnetic
radiation, as opposed to a wave theory.

amﬂ’tﬁaﬂ(ﬁ &A%&’»ils NRat... M‘"& memdiaa
. c.ma Q00

{;”P}Dhnamtnww
"‘Qﬂ.h?ﬂﬂf@ﬂ* 4]

(b) State and explain two relations in which the Planck constant h is the constant of
proportionality.

1I' (AR R R SRR R R R R R R N R N AR R R N A R R RN RN N R NN RN E NN I'1lr11l'11+1l'1 EAEEERAEEEESR SR RS RRESERSRARENR A RS LN

[5] -
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22.3  Wave-particle duality

Candidates should be able to:

1 understand that the photoelectric effect provides evidence for a particulate nature of electromagnetic
radiation while phenomena such as interference and diffraction provide evidence for a wave nature

2 describe and interpret qualitatively the evidence provided by electron diffraction for the wave nature of
particles

3 understand the de Broglie wavelength as the wavelength associated with a moving particle

4 recall and use . =h/p
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(c) Describe an experiment to demonstrate the wave nature of electrons.
You may draw a diagram if you wish.

diagram or description showing:

elactron baam in a vacuum E1
incident on thin metal target { carbon film B e
fluorescent scraen B1
paltern of concentric ings obsarved M1 e

patiarn similar to diffraction pattem ocbserved with visible light Al
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8 Light of wavelength 590nm is incident normally on a surface, as illustrated in Fig.8.1.

light surface

wavelength 590nm] 1 Y

Fig.8.1
The power of the light is 3.2mW. The light is completely absorbed by the surface.

(a) Calculate the number of photons incident on the surface in 1.0s.

Pt = (1o o photons ) (Evervgy of @ P'mh“)i} p. NE

i +
R{Rey nle
ki 1 VR -
L »~t <
'3.2-::153 = {ﬁﬁii*agxiﬁq?(&-anﬂuj =nN= 949 11:&5
(5% x15 V(10) IS
aumber = ..o, SAEIN [3]

(b) Use your answer in (a) to determine

(i) the total momentum of the photons arriving at the surface in 1.0s,

Momenlim BB o fPhefon: pP= Lo 663 %15
» 590 %19

Pa 2 x15°'Ne

Totall womentun, B?- n- Phoong: & =1 P
B - (%531,‘5}(141:6“)

1!
momentum = IGG?{ID ............... kgms-! [3]

(i) the force exerted on the surface by the light.
F- O&F - 1-06 x:lE"
At 1+0

=1
& l-ﬂExh"N

BNDW B ummassivmnnrinninssasis s e N [1]
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12 (a) State what is meant by a photon.

(b) A stationary nucleus of samarium-157 {135 Sm) emits a gamma-ray (y-ray) photon of energy

0.57 MeV.

Determine, for one y-ray photon:

(i) its wavelength . ‘R-F

‘ E & M E
e\ T
~9y -2y 8)
=160\ - : 3-0
= (G-S'T)(lnf)(\-éamnm) = (&63x10 i( "
~12
N = 2.8 x1p0 ™M
wavelengih= .uinnianniiiiniisiisin m [2]
(ii) its momentum. . ) _
C p- B
¢ -1q P
. |- =,
p_ (o -s-ac;ﬂ)i 16;::1:;.) _ eaad®
' ;" 2.18X1p -
. 3.0ux10Ns | T 3. 0YxI0 2
MOMBARIM= soGi sl Ns [2]
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(e) (i) Using your answer to (b){ii), determine the speed of the samarium-157 nucleus after
emission of the photon.

Mals Somavium ~ 157 nucdus = 157U (lST}Cl-ﬁxlElj
2.€Ix1§2’\<a
Selad  momenlus, ’P ﬂﬁ&l;.\ =0

Frd momeditn = Momeom F‘Mbn - iRiner Tomelam 'f SmAs7
= 3.0Uyp i{ 2.61X1p % "4
By ?ﬂ*\c,‘_f;&» & CN-EETWSAJA 150?\; momenlum

- 3. ﬂLIXID -~ 2.81x1

3
’\J - 1€ X1  seeed= 106 X0 s ]

(ii) By reference to your answer in {c)({i), explain quantitatively why the speed of the
samarium-157 nucleus may be assumed to be negligible compared with the speed of the
photon.

%P&'ﬁal QU Photon = 2.0ox18me amd w ofﬁ».Ag’;

___________________________ L_&-____J--.‘..Ee?f‘_i.'.l_'?___!’_*'_"}._-'_’-"_-_I__'____Smr.e 115::13‘ ¥y mw,ﬁ

_ng_ "]?u;w\ g.anxlngcwd Car be Wﬂ( [Total: 9]
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22.4 Energy levels in atoms and line spectra

Candidates should be able to:
1 understand that there are discrete electron energy levels in isolated atoms (e.g. atomic hydrogen)

2 understand the appearance and formation of emission and absorption line spectra

3 recall and use hf=E£ - £,
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7 (a) The emission spectrum of atomic hydrogen consists of a number of discrete wavelengths. Eor
Explain how this observation leads to an understanding that there are discrete electron | Examiners
energy levels in atoms. - C Use

ay E,~ E,

(b) Some electron energy levels in atomic hydrogen are illustrated in Fig. 7.1.

‘L -0.54 eV
¥
-0.85eV A

=1.0ey

energy

-3.4eV

Fig. 7.1
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The longest wavelength produced as a result of electron transitions between two of the Eor

energy levels shown in Fig. 7.1 is 4.0 x 10%m. Lassls \ Examiner’s
_ e DE K — Lse
() On Fig. 7.1, BE = . = ™ Lovgert
1. draw, and mark with the letter L, the transition giving rise to the wavelength of
4.0x10%m, [1]
2. draw, and mark with the letter S, the transition giving rise to the shortest
wavelength. AE o Lo [1]
7 Lest

(ii) Calculate the wavelength for the transition you have shown in (i) part 2.

En= EBj & A6

£ .
[-o:sk- (-3W)(160x15'"] = (663502 (3-00x18)
~
) = L[-?::S YIE;.TM

~

" Y-35x10 M

wavelength = _... ceeennee M [3]

(c) Photon energies in the visible spectrum vary between approximately 3.66eV and
1.83eV.

Determine the energies, in eV, of photons in the visible spectrum that are produced by
transitions between the energy levels shown in Fig. 7.1.

Taongilon 9y - 0-S4ev & ~3hed = - o-Sk-(-3.4)=-2.86eV v
Tremgbom b, -0-8Sey & - r PN = ~0'8S8- (-2-'-1} ~2.855eY v
Tanelhn Yo —1'SeV & ~2Yey = -1.5-(2W) = 19V | X

photon energies QQAME.S'E eV [2]

@ UCLES 2013 9702/42/M/J/13 [Turn over
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7 (a) State an effect, one in each case, that provides evidence for Eor
Examiner's
(i) the wave nature of a particle, Use

Eeeci(bndimﬂ.ﬂlan ...... E)‘&#ﬂf ek [1]

(ii) the particulate nature of electromagnetic radiation.
thﬁaﬂﬁm&ﬂ%ﬂ-&.b ....................................................... [1]

(b) Four electron energy levels in an atom are shown in Fig. 7.1.

n=Y —0.87 x 107194
'

% v
Ne3 —1.36 x 107'°J

electron ¢y
energy 22 —2.42 x 1079

VY

v

n=\ —5.44 x 10719y

Fig. 7.1 (not to scale)

An emission spectrum is assm:iat% w1th the electron transitions between these energy
levels. 'n = b=>

For this spectrum, P % n: 3 ne)
e 2 Nne |

(i) state the number of I|nes 'n: k — =% G NeD —3 no|

(ii) calculate the minimum wavelength.

Mk wavelbgll  catielpindy T ﬂ&s’:ﬁﬂ'
drffesence & m-wm loetrans
g, . B C
|: 07~ (- 54)) 15" [. an\"'qj (6 63x15 (30018
N

5

wavelength = ........cccoeeiinnenn, e m [2]
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11 A beam of light consists of a continuous range of wavelengths from 420nm to 740nm.
The light passes through a cloud of cool gas, as shown in Fig. 11.1.

-

Y

incident light emergent light

-

wavelengths 420 nm—-740nm

Fig. 11.1

(a) The spectrum of the light emerging from the cloud of cool gas is viewed using a diffraction
grating.
Explain why this spectrum contains a number of dark lines.

electrons (in gas atoms/molecules) interact with photons

photon energy causes electron to move to higher energy level/to be excited

photon energy = difference in energy of (electron) energy levels

when electrons de-excite, photons emitted in all directions (so dark line)

(b) Some of the electron energy levels of the atoms in the cloud of gas are represented in
Fig. 11.2.

—0.38eV
A —0.54eV

—0.85eV

—1.5eV

energy
- 3.4eV

- 13.68V

Fig. 11.2 (not to scale)
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(i) Light of wavelength 420 nm has a photon energy of 2.96eV.
Calculate the photon energy, in eV, of light of wavelength 740 nm.

photon energy o 1/ 4 S

O E=6.63x10*x3.0x10%/(740 x 107%)

energy = 1.68 eV p——

energy = 1.68 eV

PROION BRBIOY.E s i o m s s s eV [2]
(ii) Use data from (i) and your answer in (i) to show, on Fig. 11.2, the changes in energy
levels giving rise to the dark lines in (a). [2]
[Total: 8]
34eV — 15eV
3.4eV — 0.85eV
3.4eV — 0.54eV

all correct and none incorrect 2/2
2 correct and 1 incorrect or only 2 correctly drawn 1/2
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