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AREA 4 - Ideas about light and matter

electrons X-rays

Figure 1

Figure 1 shows a picture of diffraction of X-rays and electrons throngh aluminium foil. The picture has been
made by combining an X-ray diffraction pattern (on the right) with an clectron diffraction pattern (on the feft).
The pictures are (o the same scale and the X-rays have a photon energy of 70 keV.

Question 1
Calculate the wavelength of the 70 keV X-rays.
th=4.14x 105 ¢V, ¢=3.0x108m s
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2 marks
Question 2
What is the de Broglie wavelength of the electrons?
Same Sfaor'u —y Saqué{ wWa u’é‘/&y t
i
t. T7xlo m
2 marks

AREA 4 — continued
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23 PHYS EXAM 2

Question 3 {Z '/a a,w,mje 0. 6 L/

Caleulate the kinetic energy of the electrons in keV,
(=66 10%Ts,m =9.1x10% kg, e= 16107 C)

Py R 170"

46 7y
57%{9"”‘ 7. 7% !0{ /.6 x(O

(4
6.61/0"‘2'({ .&7:/@"23)
T ——— - <34
P {,77x10" Z 1‘?_{)(/0

L 4.7 keVl

Question 4 5 ? '/o

Which of the statements {A—1)) best explains why it is possible to compare X-ray and electron diffraction
patterns?
A.  X-rays can exhibit particle-like properties.

4 marks

B. Electrons can exhibit wave-like properties.
(. Electrons arc a form of high energy X-rays.

D. Both electrons and X-rays jonise matter.
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2 marks

AREA 4 - continued
TURN OVER
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Young's double slit experiment is set up by students in a laboratory as shown in Figure 2. Monochromatic light
is shone onto the slits which are placed at a large distance from the screen. The intensity pattern produced on the
sereen is a paitern of light and dark bands.

soreen

not to scale

slits

light beam ﬂ
% distance
7’

Figure 2

The students then wonder what will happen if the light used is white light rather than monochromatic Hght, All
the students agree that there will be bands of colonr on the screen, but have different opinions about the centre
band. Pat expects a white band in the centre while Robyn believes a coloured band will be produced.

Question 5 ? s auer &Jf 9. 8 q

Select which of the students is correct and justify your answer in the space below,

Robyn l

Pat correct B
Bright bauds = Coustruetive juderyeringe

Cé%‘m/ bauel co wp/Lﬁo o a_;fé d z,f,cZ/‘éucé )
aud (wdtpendd ent 9-F 1,%, W(ct/e/ettyﬂ sSo (£ MLL./:Z

“aximum for Q// waue/z%qﬂs aw/ S0 will be wWhite

3 marks

AREA 4 - continned




PHYS EXAM 2

Blue light of frequency 6.25 x 10 Hyz, is shone onto the sodinm photocathode of a photocell. The graph of the

photoelectric current versus potential difference is shown in Figure 3.

current
V- N
/—-__7
R — e Gl e e e g e T
- potemial"
0 " difference
Figure 3

The threshold frequency for sodium is 5.50 X 10 Hz.

Question 6 1 q 70 [{,Uﬂruj ¢ 977

What is the cut-off potential, V,, when blue light of frequency 6.25 x 10 Hz is shone onto the sodium

photocathode of this photocell.
EKW‘; J\'j"“) W-—l’lﬁo (h=4.14 x 1072 eV 5)

V= A ~f/

- v
< d s (e.2>‘~55)x10' |

0.%{ v

3 marks

Question 7 2 L/ yv

On Figure 3 sketch the curve expected if the light is changed to ultraviolet with a lower intensity than the

original.
2 marks

END OF QUESTION AND ANSWER BOOK
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Katie and Jane are discussing wave-parlicle duality. Jane wonders whether wave-particle duality might explain
why she missed hitting the softball in a recent maich — maybe the wave nature of the softball allowed it o
diffract around the bat! Kalie said that this was not 1 reasonable explanation and that we cannot see the wave
nature of a softhall,

A softball has a mass of 0.20 kg and the pitcher throws it at about 30 m s,

Questiond 2 ¢ Y% Q‘)gl—'ac?( 1.36

Explain to Jane, using an appropriate caleulation, why she would be unable to see the wave nature of a moving
softball, {(h=06.63 x 1073 jg)

: h,ﬂ)q
ho 663510
A:F - 0.2 #30

3
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3 marks

ARFA 4 — continued
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In an experiment to demonstrate the photoelectric effect, physics students allow light of various frequencies
to fall on a metal surface in & photocell, The photoelectrons are decelerated across a retarding voltage, and the
stopping potential, V, is measured for each frequency. The data they obtained is graphed in Figare 2.

WV, (v)

-1
F 3

L

0 = + frequency (X 10" Hz)
1 2 3714 5 6 7 8 g 10 1

-2 B

Figure 2
The students use the data points on the graph to determine a value for the work function of the metal.

Question 5 5 5- %

Determine the magnitude and unit of the work function for this metal surface.

,ze@P )c/-ad/l the ;rft/)/t

Magnitude l|6 -2.2 41 l Unit € V I

2 marks

AREA 4 —continued
TURNOVER
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AREA 4 —1Ideas about light and matter

Cestum meetal is illuminated by green light with a wavelength of 550 nm,

Question1 A )
Calculate the energy of a photon of green light.
(h=414x 108 eVs, ¢=300x 108 ms™!)

s 7
he _ Alqxio " esxle”
< s soxip™ 7

wak, )\

m&f

2 26 2 marks

The work function of cestum is 2.10 ¢V,

Question 2

Calculate the maxinum kinetic energy of the electrons cjected from the metal surface when green light illuminates
cesiom metal,

hﬁﬁux: /\{f_.W
bt E/Df; "h/
2.26-2.1

{2

2 marks

Guestious { aud 2 ﬁ%é}wr 539

ARFEA 4 — continued
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Violet light now illuminates the cesium metal and the maxinum kinetic energy of the photoelecirons
ig 2.80 eV.

Question 3 L/ [ & UEF&;{ l.5
Show that the maximum speed of the electrons ejected from the metal surface 15 9.9 x 105 ms T,

(e=16x10YC, m =91 x 10" kg)
(eV)
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3 marks

AREA 4 — continued
TURN OVER
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An electron is accelerated from rest botween two parallel charged plates,in a vacuum with a potential difference
of 100 V as shown in Figure 1 below. The plates are separated by a distance of 0.02 m.,

0.02m

electron | e

ov 100V

Figure 1

Question 4 g Z 7/
Calculate the electric field strongth between the parallel plates.

v 189

-
-

E:?’ . 02

5000 Vm

2 marks

Question 5 3 ey, aUEl‘Q;! [.7

Calculate the de Broglic wavelength of the electron just before it hits the positive plate.
(e=1.6x107"C,m, =91 x 10 kg, h=6.63 x 10734 ] g)

fy

£ eV
P:W

h .
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4 marks

AREA 4 — continuad
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Figure 2 shows the energy levels of an atom.

ground state

Figure 2

Question 6 L/ { 7-=

8.8 eV

8.7 eV

49eV

0 eV

PHYS EXAM

For atoms in the 2nd cxcited state (6.7 ¢V), calculate all the possible energies of the photons emitted from

transitions back to the ground stato,

19 6.7 i

END OF QUESTION AND ANSWER BOOK

3 marks
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Question 3

The students use a light source that emits a large range of frequencies. They use filters which allow onlv certain
frequencies from the source Lo shine onto the plate. Most of the students” filters produce frequencies below
the cut-off frequency. Alice says that if they increase the intensity of light, these frequencies below the cut-off
frequency will be able to produce emitted photoelestrons.

They experiment and find Alice is mcorrect. Conmment whether this experimental evidence supports the wave-

like or the particle-like theory of light.

T+ .SbtpﬂOI t the ﬁm‘zﬁa/e theorv).

Accordiag to wave ﬁﬁeor\/ electrons will be ewsjtte
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3 marks

SECTION A - AREA CGF STUDY 2 — continued
TURN (GFVER
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Use the following information to answer Quesiions 4 and 5.
Nentrons are subatomic particles and, like elecirons, can exhibit both particle-like and wave-like behaviour.
A nuclear reactor can be used to produce & beam of neutrons, which can then be used in experiments.
The neutron has a mass of 1.67 x 10 kg,

The neutrons have a de Broglie wavelength of 2.0 x 107 m

_}L U oy M/\

A /) TS
6.63 k(9

s2'7 ~
L.4T7X P x2 x{©

{uestion 4
Calculate the speed of the nentrons.

2@(/0 m st J:

2 marks

Earestion 5
The newtron beam is projected onto a metal crystal with interatomic spacing of 3.0 x 10199m,
Would you expect o observe a diffraction pattern? Explain your answer.

There will be a o(/#ra(’/faaw patterqg as
/
ane/qu‘lt (£ J/MI/Q:' to the 5,028/!49

Z marks

‘Iqwl 5 9% av 2. Y

SECTION A - AREA OF STUDY 2 — contimued
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Use the following information to answer Questions 3 5.

A group of students is studying Young’s double skt experiment using mierowaves (& = 3.0 cm) instead of
light,

A microwave detector is moved along the line (), and the maxima and minima in microwave intensity are
recorded,

The experimental apparatus is shown in Figure 1.

l)

>l:| microwave detector

MICOWAVE Source

|:|< ----------------------------- 4+ W central maximum

52 25 1st minimum.
- Y Ist maximum
- 7. 2nd minimmm
' Q
- l.Figura;: 1
1)
Question 3 L{ (? /e
Whal is the path difference 8,7 — 8,7, in cm? ;

pos 74
‘(‘\sh om

2 marks
Question4 2 O 7e
Explain why there is a maximum in microwave intensity detected at point Y.
PD~ A —» ceasdr iafery.
2 marks

SECTION A ~ Area of siudy 2 — continued
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‘The data that the students gathered is shown in the table below

‘7 Frequency (Hz)

Stopping voltage (Vs)

\ 6.0 x 1014
6.6 % 101

0.50
0,80

7.2 % 101
: 8,0 = 104

L
Question & .3 é /a

Draw a suitable graph from the data above.
T.abel axes and provide units.

)
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3 marks
SECTION A — Area of study 2 — continued
TURN OVER
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Use the data from your graph in Question 6 to answer Questions 7 and 8.
Question 7 Z ‘/v

What value did the students determine from the graph for Planck’s constant? Include a unit,

Magnitude Unit

Y357 xp"" PAVE S i

3 marks

Question 8 1'/2 ./'

The work function is the minimum ener.gy‘ {(eV) required to remove g photoelectron from a metal.
What value did the students determine from the graph for the work function of the metal of the plate?

_ M)
(S €
gt g /r B/ }) X 7(0 (
2.2-2.6 < J(r ; / : [Jurwa;7 glfmca;/'?/é)

2 marks

SECTTON A — Area of study 2 - continued
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Use the following information to answer Cuesiions 11 and 12,

Figure 4 shows the quantised energy levels in the hydrogen atom, relative to the grouad state.

ionisation 13.66V
n==6 13.2 eV
n=>5 13.1eV
n=4 ; 12.8 ¢V

|

i
n=73 ¢ 12.1eV

!
Y v t 10.2 eV

i

[

ground state n =1 Y4 0 ground state

Not to scale

Figure 4

*
Question 11 é 57
A photon has an enecrgy of 2.6 eV.
Indicate, by an arrow, on the energy level diagram in Fignre 4, the transition corresponding to the emission of

thig phoion. _
2 marks

Question 12
What is the shortest wavelength photon that san be emitted when an atom decays from the n. = 4 lovel?

A E = /23 4\/
éﬁ
A‘AE 'y §
\ - L{!{wo J,X5K/0* ) ?'7”04%
) 12,

2 marks

END OF SECTION A
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Area of study 2 — Interactions of light and matter

¢
Question 1 3 ‘) 7o
Atithe time of Young’s double-stit experiment there were two competing models of the nature of light.
Explain how Young’s experiment supported onc of these models compared with the other.

Youss's experisews Adewonstrotest icterferend Lhech.
“ffeﬁ@ﬁf"‘e"‘“‘ 34:1560{5 $ ‘M?I"f the wave x{pf/g/ of {jky‘
The M: ticle wcoq/ﬂ[ 6"0%/0/.«/01‘ exp/ezm £l //V](g/'_f,gfﬁucé

3 marks

'
Question 2 5 g [’

Finstein’s explanation of the photoelectric effect reopencd the question about the nature of light.
Explain briefly how the results of the photoslectric effect experiment supported a competing model to the one
supported by Young’s experiment.

The Péor‘w&yfnc e_mcfi Supports the parz‘gc/p wode/
o) )u/n‘ ”

P am“o/e model /w'&d iets threshold freguenty audf
oleoezdance O_l &1‘01)1‘(5/ \10}‘6‘4‘?6 ffhct’.})(u{ata“‘i Mingfr e
e“{eﬂ?’l el 2/@0'/!“0%) %M H‘éﬁt@% ¢y qudl wot ow Jultucs {y
The gzaué wode! predfcé: wfcrecu% a_,t ener gl o+ )
e/ec)frm With jucreusé su ,ujgw;%y é/uué/ ady JIEZW%}/
wi/f W'W/“C’e electrons auel f:m{’ c/e/ay

3 marks

SECTION A — Area of stady 2 - confinued
TURN OVER




15 2009 PITYS 2 EXAM

4
Question 4 2 5) /e
The pattern of bright and dark bands is shoewn in Figure 2 below.

' A B , :
Figure 2

ddle of dark band A (that is, the cistance

Precision measurement shows that the path difference to the mi
From this information,

AS~AS,) is greater than the path difference to the middle of dark band B by 496 nm.
determine the wavetength of the laser. You may include a diagram.

Digerence i« PL= N

496 m

2 marks

SECTION A — Area of study 2 — continued
TURN OVER
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The following information relaies to Questions 5 7.

The photoelectric effect occurs when photons falling on a metal surface cause the emission of electrons. Fingtein®s
equation for the photoelectric effect can be wiiiten as follows.

Ep o = 0 = W |

Kristy and Adrian have set up an experiment to study the energy of photoslectrons cmitted from a potassitm
plate. Their apparatus consiats of

= alight source

* aset of {ilters, cach of which allows through only one wavelength

* anevacuated tube containing a potassium plate onte which the light falis, and a collector clectrode.

A variable DT source allows u voltage (stopping voltage) to be applicd between the potassium plate and the
collector electrode. A volimeter (V) measares this voltage, and a microammeter (A) reads the current.

Their apparatus is shown in Figure 3.

polassivm plate

= filter

light sowree

collector
* clectrode

Figure 3

. , BN :
L
Question 5 2/ /‘ av 2}’%’7{’ L. } ‘ ‘
Explain in words the physical meaning of the terms EK max- o and B in the equai;{m above. Your explanation
must show how each, term relates to the experiment in Flgu.m 3. :
] EK max

Maximuu f, «.e?‘:c eaergh of gmcvlfzo/ 2/6(/7/‘@4

/-
&rewwc; of th /fﬂvf ajter passiey through éus

-h/*br or 4!’99‘4«’%@9 ﬂ+ﬂé /1,942‘ maclex/f on ﬂov‘a,ufmq plets

w - u/or/chuwv‘covr M (AU utrgy regu(reo/ to ew /Y
an electron

SECTION A — Area of study 2 — Question 5 — continued
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Question 12 20 7‘

De Broglie suggested that the quantised energy statos of the atorn could be explained in terms of electrons
forming standing waves.

Describe how (he concept of standing waves can help explain the quantised energy stales of an alom. You may
include a dingram.

o8 VE
‘4’ Cirewmferentl o-ﬁ the O,ré 7 = /’IA /ﬂ~fu/fgéf]
a &z‘que/mrdwwe ‘3 +ar;wof S0 2/2&?‘?-0&45 o—P 'éﬁ.pg.»?
SbeC:+;c u/auz/ewﬁsjcoa/a/ exis tia the a/foﬂ
D;ﬁerwf wad.e/e%g/éhs carresiaw/ to specipic fﬂé’[gf’é@‘
59 0“/‘1 those Perg, states are /po,urb/a [ the atont

2 marks

END OF SECTION A
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The photoelectric effect experiment supports the particle model of light rather than the wave model of light.

The following are observed in a photoeleciric effect experiment.

Observation 1: The number of emitled electrons (the photocurrent) depends on the intensity of the incident light.
Observation 2: The energy of emitied elestrons depends only on the frequency of the incident light and is independent
of the intensity.

Observation 3: The energy of the emitted electrons depends on the metat surface involved.

The particle model can sccount for all the above three observations.
The wave model can explain two of these observations but not a third.

Question 2 IO 7. f(l/-&f'aé{ I l

Select the observation that the wave model cannot explain.
Explain how the particle model satisfactorily explaina this observation.

Observation number 2

'
)b

CBueriy o the mo«c&«/{ p»ioz‘wc& c/epectc/L o4 yrepuety.
Uf J

Oue P ofou Juteracts Wi th oug e/ea‘mu S0 enlrgs

04 ezruf?‘ea/ electrouy wiff a&pém/ ou 4[%«2::65

‘Clwcqe iu zu/?‘e«acz‘}/ ol the /tﬁl,z‘ /e;u/é,t (u z‘Ae

aﬁa%é o} o wumber o_£ p/wz‘mg hut not thes

Cutl 949
od

3 muarks

SECTION A — Area of study 2 — continued
TURN OVER
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The following information relates to Questions 3 and 4,
Two students are studying interference of Light.

They use & laser of wavelength 580 nm.

*
Qucstion 3 7 5 b
What is the energy (in eV) of one photon of the light from the laser? Show your working.

= hC
Ee

R
{

= e 7

2.["{ - V.

o : IR 2 marks

The students set up the laser, two slits, 8; and S,, and a sareen on which an interference pattern is observed, as shown
in Figure 1a. - B , o _ T

The pattern they observe on the sereen is also shown in Figure Ih.
( indicates the centre of the pattern.

‘Y/X Y X

Figure 1a Figure 1b

SECTTON A — Area of study 2 —¢continued
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X is at the centre of a bright band. Y is at the centre of the dark band next to X and further away from the centre of the
patiermn.
The path difference $,X-8, X is 1160 nm,

-4
Qucstion 4 40 7
What is the path difference 3,Y-8,Y? Show your warking.

YL 1460227
\/,' }QD: Eﬁ:/\

l
{1V
N
N
S

[YS$p o

2 marks

SECTTON A — Area of study 2 - continued
TURN OVER
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The following information relates to Questions 7-10.
Students study diffraction of electrons by a erystal lattice.
The apparatus is shown in Figure 4a. _
Tn this apparaius electrons of mass 9.1 x 10-3! kg are accelerated to a speed of 1.5 % 107 m L,

The electrons pass threugh the crystal, and the diffraction pattern is observed on a flucrescent sereen. The pattern the
students observe is shown in Figure 4b, :

crystal

fluorescent

_ screen
eleciron gun

Figure 4a Figare 4b

Question 7 5 9, ff‘,

Calenlate the de Broglie wavelength of the electrons. Show your working.

b e eno™

~

PE

et

TIx 107 f sxi0”

0 0486 nm

2 marks

SECTTON A — Area of study 2 — continued
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Question 8§ 3 6 VA
The students now increase the accelerating voltage and hence the speed of the eiectrons.

Which one of the options below now best shows the pattern they will observe on the screen?

Explain your answer.

opiion A : "~ option B (identical to original pattern)

option C

A

Volitage T —> speecl T — P 1P —s A:E\L—;
74 7
Spa,c;‘»ng\f/
’ 4

2 marks

SECTION A — Area of study 2 — continued
TURN OVER
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Figure 5a shows the diffraction with clectrons of 600 ¢V, The students now replace the glectron gun with an X-ray
source, Then they observe the pattern shown in Figure 5b below.

Figures Sa and 5b are drawn to the same scale.

Figure Sa Figure 3b

Question 9 56 7
Explain why the cloctrons and the X-rays produce a very similar pattern.

Ag/ Ax

2 marks

SECTION A — Area of study 2 - continued
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27 ] 2019 PIIYS IXAM 2

Estimate the energy, in eV, of a photon of these X-rays. Show your working.

Eer® 600¢V " [922 = v'zm E £ - IQ e
. fopxlb¥10 Lnaz’ X -ty
< q.6x10"]
. pet=fs

Pei = 2« ?./xzo”y, q,éx/o‘ﬂ

= {.32x00°% po

«7 3 -5
= 1.32 %9 ¢ 13)‘/900: 3.96%¢10 S jk

3. 76 X/D“’;t: {oxio™'? =2 efxpo ?eV

]_ 2485107 <

EX'/"ay

SECTTON A — Area of study 2 — continued
TURN OVER
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Use the following information to answer Questions 59,
Students set up the apparatus shown in Figure 2 to study the photoelectric effect.

photocell

metal plate

ammeter

variable
DC voltage
= source

Vi
/
collector electrode \

Figure 2

The apparatus consists of

» asource of white light

= aset of filters that only allow light of selected Wavclcngths to pass through

+ ametal plate and a collector clectrode enclosed in an evacuated (no airy glass case

» avolimoter (V), ammeter (A) and variable DC voltage source in a cireuit, as shown in Fi gure 2.

With a particnlar filter in place, the students gradually increase the voltage as measired by the voltmeter, V, from zaro,

They plot the current measured through the ammeter, A, as a function of the voltage measured by the voltmeter, V. This
is shown in Figure 3.

1(uA)
4
*
0 Y T —V (volts)
Figure 3

Question 5 .5- 7&. auefﬂgf .4

Explain why the ourrent drops to zero at point X,

Vy ~ gfo'/). uoéfajj
E,  wqVy

X v

When \/9/{'@76 wCreases More auol pore eleetrous
are sff?/ppeo/ Wieu V= Vx eveu wmost extryet s eleetrons
Cere &foplpgof

2 marks

SECTION A — Area of study 2 - continued
TURN OVER
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The students now use five difforent filters to give five frequencies of light falling on the plate, and meagure the stopping
voltage on the voltmeter for ench frequency.

Their data is shown below.

Frequency (Hz) Stopping voltage (Vg)
45 %10 1.3
5.0 % 101 1.5
6.1 % 101 2.0
6.9 % 1014 2.5
7.6 % 10% . 28

Question6 & 7 4
Trom this data, plot these points on the axes below and hence draw a line of best fit to show the maxinium kinetic encrgy
of the emitted electrons versus frequency falling on the metal plate.

maximum kinetic
energy of
photoelectrons
&V)
¥ N

-

(Elz = 101

Y

|
T

-1

T

3 muarks

SECTION A — Area of study 2 — continued
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Question 7 L/ 7 7 e

From your graph, what value of A, Planck’s constanl, would the students have obtained?

Show your working.

2.8-1%
»—————_‘“ﬂ‘-—-——'—?
(7‘ t-56)xi0 I

b = g /-a,o/ 6\‘3“/?(

FPorals wsed wst be oo o clraw A«z'

~

15

Question8 & 7

From your graph, what is the longest wavelength which would cause a photeélectron o be emitted?

NS Conterst g graph )

3o

S 2 xM

/5‘9(9 nm

2011 PITYS BEXAM 2

/

2 marks

2 marks

SECTION A — Area of study 2 — continued

TURN OVER
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Question ¢ 2 2 '/cr

Outline the conclusions about the nature of light that Einstein made from the observations of photoelectric experiments.

;oh@raws
J £ ng
fwemo; PhEE E4.
L:;Lf Jobayesas a part‘:o&s Whose @vté/'qﬁ#pro/vrz‘mw/
fo tae freq wnty. 2 wmarks
Pkm"o&é&{na 61‘5[;8&11 showee existeact 0Lz‘/tr4$ bole/
{regueucy /M{%IM“—M .p/-%,ta’waq qudd SO pril st @i

4
zuaé?/c,)necwmry £o emrf electroas.

3 matks

SECTION A - Area of study 2 — continucd
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Use the following information to answer Questions 1042,
X-rays of wavelength 0.20 nm are directed at o orystal and a diffraction pattem is observed.

Question 10 6 é’ %

Caleulate the energy, in ¢V, of a photon of these X-rays.
15 4
B s
p) 0.2 XI(p

C2(0 v

2 marks

Question 11 fg./a d\f@f%( 0- 5

The X-ray beam is replaced by a beam of clectrons. A similar diffraction pattern is observed with the same gpacing as
in Question 10.
Whal musl be the energy, i eV, of each electron Lo produce this pattern?

A P
&;yﬁ A Eelsz

-3y ~ 24 -
L6630 3 A sl ) Preray Pel

P

P;c-rﬁy 0.2 xw ¢ . 2
| ? M :6,9‘{.«»{/0')?\7
EQ’ h /

"317 v 22 90%0

- & 2 marks
‘ 6.04X1D =317V
Question 12 & { / .6 X /® 1
Explain why these electrons also produce a diffraction pattern with the same spacing as the X-rays.
A ed = A X
2 marks

SECTFON A — Area of study 2 - continned
TURN OVER
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Area of study 2 — Interactions of light and matter

Question 1
Vishvi is carrying out photoelectric effect oxperiments. Her apparatus is shown in Figure i,

metal plate

light source. - ﬂter

coﬂc/ct‘or o
electrode

Figure 1

Vishvi uses two metal plates in the photoclectric cell. One plate is madoe of zino and the other is made of aluminium,
Vishvi uses light of o particular ['r(,quency to illuminate the zinc plate and then the aluminium plate, but finds that

photoelectrons are emitted only by the zinc plate.
The threshold frequency of zine for photoelectric emission is 7.40 » 101 ITz and that of aluminium is 9.99 x 10% [ 1z,

a.  Calculate the maximum wavelength (in nm) of the light required to emit electrons from the zine plate. e L7

27

Yos nm

1 mark:

b.  Inan effort to gject photoelectrons from the aluminium plate, Vishvi increases the intensity of the light beam,

but still finds that no photoelectrons are emitted.
Explain how this cbservation supports the particle mode} of light, but not the wave model of Hight. 10 /9
The wave mede! Y redielec] that b y (nereasiayg avernge 1.0

the inleag( Z‘V o4 /fjrf,{l‘ It 540%/0/;91’0Wf/f 6%0"09?4 e"ffjj

to e)ge/“r‘ e/cdro:d ThiS did e»caf A@;M

Particle uw/e/ preshicted dhat inerease in the ieteasity will
jnerease namﬂr of pAoz‘m_S, but upt their entrsy . S
p/w‘/’ObL& will not /taue euou 4 enlss to e:e&f e/ecw‘/ put

3 marks

SECTION A — Arca of study 2 - Question 1 —continned
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In another photoeleetric experiment, Vishvi uses light with a frequency of 7.50 x 10 Hz to eject photoelselrons
from a sodium surface. The work function of sodium is 2.28 eV.
¢, Calculate the maximum kinetic energy (in eV) of these photoelectrons. 7 7 e

’ = q
s Gx0 Caasxlo’ -2.24 ﬁ

0§25 o |

2 marks

d. Caloulate the stopping veltage that would be required to just prevent the most energetic electrons Trom reaching
the collector electrode. 44 %,

| mark

SECTION A — Arca of study 2 — continued

TURN OVER
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Question 2
Two students set up a two-slit inlerference experiment with & source of laser light, as shown in Figure 2.

bright band
dark band

SCIreen

slits

laser

Figare 2
not to scale

The wavelength of the light from the laser is 612 om. Figare 3 shows a sketch of the central section of the
mterference pattern that they obtain. The central band C, which is a bright band, ig labelled.

¢ X

Figure 3

a.  The light encrgy output of the laser is 5.0 x 103 TsL, ,
Calculate the number of photons leaving the lascr every second. Write your answer in the box provided. 3 5 7

o averege 9-J
- hC hf_i_____
e h = /}: 5.25 0 /1
. £63xm78x 3% 't
- 1) e g =T '3'2>}‘/9 j
6= I 7
- 1t
[.5Yxi0
2 marks
b, Txplain why the central band of the patiern at point C is a bright band and not a dark band. 4 (9287
/DD 7, CowsFrietive [ wterfertnce
7
2 marks

SECTEON A — Area of study 2 — Question 2 — continued
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¢.  Another point on the pattern is further from slit §; than from slit S, by a distance of 2.142 x 1078 m. Its position
isto the right of point C in Figure 3, on page 16. 34
Indicate Where this point is in Figure 3 by writing the leiter X above the point. You must show your working.

3.5A = WA — Y dark

3 marks

Another laser that produces light of a different wavelength is now used. The patlern is now spaced more closely.
Rigure 48 shows the new patfemn and Figure 4b shows the original pattern.

The second bright band to the left of C in the new pattern is at the position labelled Y in Figure 4a. In the original
pattern (Figure 4b), this was the position of the second dark band to the left of C.

Y C

new pattern
Figare 4a

original pattern
Figure 4b

. - 5 %
4. Calenlate thewavelength of the light produced by this new laser. 3 ‘

PD=~152Acef = 2/‘[916%/

ffb"? nm

2 marks

SECTION A -~ Area of study 2 — continued
TURN OVER
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Question 3

A beam of electrons is travelling at a constant speed of 1.5 x 10° ms ™. The beam shines on a crystal and produces a
diffraction pattern. The pattern is shown in Figure 5. Take the mass of ons electron to be 9.1 % 107 kg,

Figure 5

4
a. Caleulate the kinetic energy (in eV) of one of the electrons. Y 7

2
[ MY X {.6%!0'“’

o S

[

0. 964 v

2 marks

The beam of electrons is now removed and replaced by a beam of X-rays. The resuiting patlern has the same spacing
as that produced by the electron beam. 3 Y,
b, Caleulate the energy (in oV) of one X-ray photon.
Pegs Px'” Peb= MU Py =
: ! e oy
Dar ZREK9 X 15007 = L35 X (0
!

or ":/QC

rep E;:J.sssxm"”, yx/p?
=Y,/ M‘D_’7

gAxm™"
/*b K/OVM

3 marks

=256

SECTION A — Area of study 2 — continted
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Question 4
Figure & shows the energy leve! diagram for the hydrogen atom.

energy (&V) t
136 binding energy
13.2 n=6
13.1 n=5
12.8 . n=4
121 n=3
102 RN n=3
0 n=1 ground state
Figtlrc 6

A particular hydrogen atom makes a transition from. the n =2 level to the n= 4 level by sbsorbing a photon,
a.  Caleulate the wavelength of the photon involved. 6> 7

[t
Ed

R B v e T Ty #
N Y A O
. c

A

L h
178 ™
. _ 2 marks
The energy levels of the hydrogen atom are disorete {(quantised) and there are no stable levels between them.
b.  Interms of the properties of the electron, explain why only certain energy lovels are stable. & 7 7%
1.2
Au_clectron heat weve properties. avtrage

(rolv when the cfrcwujerewae of the or bt is a wiholp
m»cﬁgr of wa ue/mvg/fhs w;//.cfa,xalmg wses be +orwd
9’1/\/ Z/e&*rmf; M{h ew@r?m re/wfec/ to those part‘:cw/ar
W&UZIZN&Q"H_S will form &‘/aé/f levels,

3 marks

END OF SECTION A
TURN OVER
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Question 20 (5 marks)
An energy-level diagram for a sodium atom iz shown in Figare 25,

many levels tn here

375V
3.61eV
i 3.19eV
L rosev
21l eV
4 DeV
Figure 258
a.  Anatom is in the 3.19 eV state. It retuns to the ground state, emitting one or more photons.
Calculate the longest wavolength of light that could be emitted b; the atom. 3 Lj‘ Ve 2 marks
Az D8 L x0T Sxsxie
F {1 0F

ERER TR

b, Tixplain, with a calculation, why the emission spectrum of sodinm shows a spectral line at

588.63 nm. ¢ 3 Lt Yo 3 marks
C<A> = zueV averase I3
/1 7

Trausition from 2 1o\ 4o Dev .
vy

SECTION A - Core studies — continued
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Question 21 {7 marks)
Students are investigating the photoelectric effect by shining monochromatic light with a frequency of
1.00 % 1015 Iz onto a sodium plate. Their apparatus is shown in Tigure 26.

evacuated glass tube
hight

collector electrode

i
Y

sodium plate

microammeter

¥
F

Figure126‘ o

Figure 27 shows a graph of the relationship between the photocurrent and the reading on the voltmeter,

photocurrent

—1.85 0 voltmeter reading (V)

Figure 27

. . L)
a, Tlse the information in the graph to caloulate the maximum kinetic energy (in joules) of the, lfz /e

photoelectrons, | mark

5 eV

H—Jkﬂy

7.96x 107t

SECTION A — Core studics — Question 21 — continued
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b, Caleulate the work function (in eV) of sodium. 2 [ 7o 2 marks
Eku./;u < h‘r" W
(hedey > —
Wz by~ Crugy
4 *‘9’ ’5" v—_
=AY IO Txfxp T - [BS

22(? eV

¢.  Theinlensity of the light is now reduced and the experimenl is repeated. The students oblain o new
graph of photocurrent against voltage. 4~ 5 Yo
Sketch the new graph on Figure 27. 2 marks

d. The students change the light source to one with a different frequency. They observe that the
photocurrent is zero and remains at zere regardless of the sive or sign of the voliage. / O VA

Explain this observation. - Ve f‘%? ¢ 0.5 2 marks

he<W  red,
7 / 7

SECTION A — Core studies — confinued
TURN OVER
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Question 22 {9 marks)
The apparatus for & Young’s double-slit experiment is shown in Figure 28.

bright band
dark band

518, screei

slit
laser

Figure 28
not to scale

¥
a.  Abeam of green light (A= 550 nm) is incident on the slits. 28 7%
Desctibe the intensity at the exact centre of the interference pattem on the soreen and give a reason for

your answer.
Bright as PO=0
d

2 marks

b. The beam is now replaced with light of o lower frequency. 61 Y,
The second dark band from the cenire of the interference pattern would
A, become natrower.
B. rcmain in the same position.
¢, move closer to the centre of the paftern,
D. move further away from the.centre of the pattern. 1 mark

o

SECTION A — Core studics — Question 22 — continued
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¢, The path difference from the slits to the second bright band from the cenire of the interference patiern

is 1.4 x 10° nm. 257 adﬂfﬂﬂ
Caleulate the path difference (in metres) from the glits to the first dark band from the centre of the {.0
pattern, 3 marks

2Nz (yyi00 AR To0am
A/z 3. cxi0”

- -7
3.5% 1o
d. A sindent reads on a website that * Young’s experiment supports the particle model of light®.
Fixplain, with reasons, whelher the stalement is correct or incorrect. ‘1’ { 7o 3 marks
ducorrect.

Youu ‘s .gme; (et qums#ra/z‘u zwfa/‘ﬁermcé
u/lqu e cc wadt phenosenou.

/f)r/zbf bauels rqme«z‘ condtryetiJe leterfering,
der < destruetivt.
or Pﬂf'ﬁo/e wocle/ prec/roz‘; }LL.H‘ 2 baucls 04
Che Sereen.

SECTION A — Core studies — continued
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Question 23 (5 marks)
Students aim X-rays with a photon energy of 80 keV at 2 thin metal foil. The resuiting diffraction patiemn is
shown in Figure 29. ‘ :

Figure 29

. :
a.  Caleulate the magnitude of the momentum of & single X-ray photon. 3{ / - 2murks
' . avengt o 7
N - Oxlo ¥, 6 #1077
P - Aﬁ /D = g /
— T xin®
o . ] =) " [ )

L 1/,?)'?«’/0““2:b kg m s

b, The students are aware that electrons can also be used to form diffraction patterns. They wishto use
a hoam of electrons to form a diffraction pattern with fringe spacings identical to those in Figure 29.
Student A says that the fringe spacing will be jdentical if the clectrons have the same momentum as the
X-rays. Student B says that the fringe spacing will be identical if the electrons have the same energy as

the X-rays. . /2
2 £ 7 ad&f"ﬁ;e ) 3 marks

‘Which stndent is correct? Explain your angwer.

A cerret.
Srﬁp(zcl_‘%'f cleteruineed b/y A, se .5{)/ ,/9'; net £.

END OF SECTION A
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Area of study — Interactions of light and matter

Question 19 (3 marks)

A group of students cartics out a two-slit interference experiment using light with a wavelength of 420 nm.
The arrangement of the students” apparatus and the resulting interference pattern are shown in Figure 29.
The point M on the screen is at the centre of the interference pattemn. There is a bright band at point P on the
screen. It is the second bright band to the right of M, as shown.

M P
S]] S, soreen
slits
laser
Figure 29
a.  Caloulate the path differcnce S;F — S,P. € O /% 1 mark

)

§40

b. The students repeat the experiment using light of a different wavelength. They find that, at the point P
on the screen, there is now a dark band. It is the second dark band to the right of M.

Calculate the wavelength of this light. Show your working. ‘{ 6 Yo 2 marks

8905 )

560 m | Sl M

SECTION A — Core studies — continued
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Question 20 (5 marks)

A group of students carry out an experiment where light of various frequencies is shone onto a metal plate,
The maximum kinetic energy of the emitted electrons for each irequency is recorded and the results are
plotied to produce the graph shown in Figure 30. Take Planck’s constant as 6.63 x 10734 J s,

KEyax

t

1.8
\
4 1 - P {(x101%) H
1 2 3 4
Figure 30
a.  Caloulate the work function of the metal in joules. 72 4 2 marks

Wi hd, < 663510t Fri0”

119% 077 )|

b. The intensity of the light is increased and the experiment is repeated with the same frequencies. ‘I'he
students find that the graph of frequency against maximum kinetic energy for this second experiment
is exacily the same as for the first experiment. 7% a Jer 4;92 4

Explain why this result provides evidence for the particle-like nature of light. 3 marks

According to f'ACQQF‘(IC/e M,w/e/ merecum? the iwteasity
v
at the Sawme Lzez«eac’x wereasd nuuﬁéera,[ p/w?‘ouS

Emr;; 04 pkaz‘ou will be the sawo.
So k,ru&f:c ‘onbryy op the el{’&?‘m/ tloctron s wow/c/

__f_a_Auvﬁ_ e ISR | ST [

SECTION A — Core studies — continucd
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Question 21 (8 marks)
Thuy is doing some experiments on the diffraction of photons. She is using a beam of photons with an
energy of 4.1 eV.

a, Calculate the wavelength of a photon in this light beam. é S/ 2 marks
Hes —
A= V€

i b4
3 419x107 ¢ 32107

Y. f

4 2.0x0

The beam is incident on a small eircular apertare and the resulting diffraction pattern is produced on &
photen-gensitive sereen behind the aperture. This pattern is shown in Figure 31.

Figure 31

b. A second experiment is then perfonned w1th the same light beam incident on a circular aperture with a
larger diameter. : 550

Comnplete the following sentence by circling the correct words that are shown in bold foni. 1 mark

Corresponding rings in the second diffraction pattern would have diameters that are
Jarger than / the same size as @ma]ler than Ehe rings in the original pattern.

¢.  Give your reasoning for your, answer to partb. 2, ? Ve av &,'40,7 £ 0.7 2 marks
At -
X =
¥ ; < —
i (& ] v.

dxa M@?‘&/‘

X~ $/Ja¢m7f¢ édweem cm:/&s
or Amownt of diffraetion is Mt/ﬁ“e// propertionel
0 the $12 ¢ af the Aperéu'? Siz2e marmseo/-—v
S/Df eae! decroas ¢

SECTION A — Core studies -— Question 21 — ¢ontinued
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Thuy now carties out another experiment, comparing the diffraction of X-ray photons and electrons.
A beam of X-ray photons is incident on a small circular aperture. The experiment is then performed
with a beam of electrons incident on the same aperture.

The X-ray photons and electrons have the same energy. The diffraction pattemns (shown in Figure 32)
have the same general shape; but very different spacings.

X-ray photon diffraction clectron diffraction

Figure 32
not to scale

Explain why the electron diffraction pattern has a different spacing from the X-ray diffraction pattern,
even though the electrons and the photons have the same energy. 3 marks
S eleots i 2107, average -0

Axk’/\é’ )
prpe

Diff ragtiod Speciky c/%oz»w/ﬁ ou thy waveleagth,
so wavelegth way diyyereat .
Way_e/et?fh re/_a_u‘eo/ to t-4e Mowu/écuw/ uot
to the étwg; ' - -'
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Question 22 (5 marks)
A simplified diagram of the energy levels for a mercury atom is shown in Figure 33.

10.4 eV
9.8 ¢V

xeV

4.9 ¢V

OeV

Figure 33

a.  Dxplain why a mercury atom, while in the first excited state, is able to absorb a 1.8 €V photon, but
cannot emit a photon of this cnergy. 2 Ve 2 marks

6.7-44=1f
Yoo+ 1.4

SECTION A - Core studies — Question 22 — continued
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In a sample of excited mercury atoms, all of the energy levels shown in Figure 33 are occupied. One
of the energy levels in Figure 33 ig labelled x eV. The emission spectrum of mercury shows lines at

approximately 0.9 eV, 1.5 eV and 2.2 eV.
36 7% avezjt [

Use this information and Figure 33 to calculate x. Give your reasoning. 3 marks

§.9-67:=27¢
.F-£7-0 9
0.4¢-89: ¢

£.9 Y

SECTION A — Core studies — continued
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Question 23 (5 marks)
According to one model of atoms, electrons in atoms move in stable circular orbits around the nucleus.
In an atom modelled in this way, an electron is moving at 2.8 x 109 m g1, Take the mass of an electron as

9.1 % 103 kg.
a.  Caleulate the de Broglic wavelength of this electron. Give your answer in nin. ‘/5’ Ve 2 marks

] 1Y
= 7 T 6.63%i0> . =30
As (RS wryr UT I Ll

0 36 nm
217, averagel/

bh. Describe how the wave nature of elecirons can be used to explain the quantised energy levels in atoms. 3 marks

Lg 27rsn/
Sfacwlmj wave (4 formed,
Ouly eloetrons with endryies C’Orre_nwudm,/
/ /4
te those u)aue/euj/fz,s x5t

END OF SECTION A
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Quecstion 20 (4 marks)
Physicists use the expression ‘wave-particle duality’ because light sometimes behaves like a particle and
electrons sometimes behave like waves.

a.  What evidence do we have that light can behave like a particle? Explain how this evidence supports a
particle mode] of light.  §°© 7 2 marks

Photoclectcce ¢ #eet.

Existecce of tht threshole/ freguents, clamxcléaéf
oL .&ﬁ}/m/ue VD/éa,jﬁ ou the qﬂ/’e’é?/ueucy,
No ¢/uus c/z/ﬁey

b. What evidence do we have that electrons can behave like waves? Explain how this cvidence supports a
wave model of electrons. 257 aver Cg £ 0.6 2 marks

Electrou 0!1.[4/ 620/( ou.

Electous d:yma‘mﬁ o4 {,Ae 6/’}457‘4/
latico Ma ke m/fef.,tereuce pa bhera Ou #le soqeed.

Lu/ﬁa/'f Créarte gud ai,,@é/—a e/fzoz/f @re wq u.e
/PAQJLQMQM Oyl

SECTION A — Core studies — c{)ntinued
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Question 21 (5 marks)
a. Use the model of quantised states of the alom to explain why only certain energy levels are allowed. 3 marks

23y
Eleetrous have wrave uatere. ° averwse I/

If 247=n4A The .Sﬁoadrui wavl ¢ iOfM.Z&/
DIHE/'M a/lowes/ 0/’512‘.& CO/‘/'ZL[pozo/ £o a’/ﬁﬁ;&(/fﬁ

b. Illustrate your answer with an appropriate diagram. L{ © 7 2 marks

» 5~7 '/o

Elcctrons (of mass 9.1 x 10-2! kg) have a de Broglie wavelength of 1.0 x 10 UI'm

Question 22 (2 marks)

Calculate the speed of these clectrons. A

A U--b—~

6.63%0"
Ve 22—

-3

1./x10 x/x/9
T-5 %O M.Sv

"END OF SECTION A
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Question 19 (10 marks)

Emily is conducting an experiment to investigate the photoelectric effect. The apparatus is shown in
Figure 24. Tt consists of a light source, a filter and a photocell (a metal plate with a collecting electrode in a
vacuum tube),

light source

filter

@ | X variable
" source

N

®

photbcell

Figure 24

Emily uses various filters to shine a particular wavelength on the photocell.

She increases the voltage (V) until the current just goes to zero and records this voltage. Emily repeats this
process for different frequencies.

Her results are shown in the table below.

Frequency (Hz) Voltage (V)
6.0 x 1014 0.16
7.0 x 10M 0.52
8.0 % 104 0.88
9.0 x 10 1.20
¢
a,  Onthe axes below, plot Emily’s data and draw the graph of volitage versus frequency. J> { /- 2 marks
Vv)
F 3
2.0 —
1.5
b
0.5 '
/“/ 14
O 2[ 3| 4 sf 6| 7| 8| o 10| > [C107HD
0.5 7
) -~
-1.0 -4
15 =
2.0
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b. From the graph, determine the value Emily would have found for each of the following.

- ~1,
Planck’s constant 3.5%02¢0 ZeVs
Threshold frequency 8. 5___'/. 0.3 Hz
Waerk function of the metal { £ to 2 eV

I9%

* means alowoe!
Jariadion ju s tudod

ansSWLrs

14y averigtd, S

c¢.  Explain how the recorded voltage measurements give information about the emitted photoelectrons. 2 marks

\/oéf«gz /’eyuféo/ to /xif‘s fop fastest eusl e/

3 marks

Z&m‘/—o«s S0 /‘@p/@é«f the Me,r/mtfw/ K rag 1ie

/4

cHersy 04 e&a?‘mzf

vy

"4

d. For each frequency, Emily doubles the intensity of the incident light. 367 4 vere “j el 2

Describe the graph Emily will now obtain in comparison with the original graph. Do these two graphs
support the wave model or particle model of light? Justify your answer.

G'MM Squt @

3 marks

éjpw“?’ ﬁ&/‘ba@ L%w/-j o f /jéy

b«z,/*yj e,lJéak‘o«J‘ G(epexc/.c ox 16 w0 udfexcn%

éfé/)g@%or 567 M-/E@?l 4@;{( ,&/ @16 ch/ )é‘.éo/

@zéml/*pa S
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Question 20 (7 marks)
A beam of electrons is produced in an electron gun,
The de Broglie wavelength of each electron is 0.36 nm,

KNI Vo 2 marks

a. Calculate the speed of the electrons.

thﬁ”

2.9x/0€m8‘1

An experiment is undertaken to compare the diffraction of these electrons and X-rays. With a similar gap
spacing, the diffraction patterns are found to be nearly identical.

b. Calculate the energy of the X-rays. Show each step of your working, Y3 Zo 3 marks
avtrege 11
v

!

ind 3‘ ;P
HITKIO  x3¥(0”

—
~

37\5‘3 eV [.3 'f¢90-'3f"09) wees Qcc%ﬁfed

, - 2.6 7
¢.  Explain why similar patterns are observed. : 2 marks

Dzﬁ/w’/ﬁw o/gpec«/,c ou /?
Edotrott have cawg )
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