NUCLEAR PHYSICS

23 Muclear physics ,ulrr_,é-‘#h
e n".?-;f’ "

231 Mass defect and nuclear binding energy =

Candidates should be able to:

1 understand the equivalence between energy and mass as represented by £ = mc” and recall and use this
equation

2 represent simple nuclear reactions by nuclear equations of the form 'i}N + :H-: - lftD + 1 H

3 define and use the terms mass defect and binding energy

4 sketch the variation of binding energy per nucleon with nucleon number

5 explain what is meant by nuclear fusion and nuclear fission

3 explain the relevance of binding energy per nucleon to nuclear reactions, including nuclear fusion and
nuclear fission

T calculate the energy released in nuclear reactions using £ = c’Am

Einsteine mass- onery eq,uivalence -
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8 (a) Explain why the mass of an wa-particle is less than the total mass of two individual
protons and two individual neutrons.

Sinke . wﬂfb & Yedueed | Ao ONQRM.. 1A 1Q0ade

oy 08z AMS, "he:fe,?me, gapmibde. . fﬂ.{megl %’am

(b) An equation for one possible nuclear reaction is

4 14 1
sHe + “N — 10 + Ip.

Data for the masses of the nuclei are given in Fig. 8.1.

mass/u
proton p 1.00728
helium-4 sHe 4.00260
nitrogen-14 "IN 14.00307
oxygen-17 'O 16.99913

Fig. 8.1

(i) Calculate the mass change, in u, associated with this reaction.

Topdl maath EE He avd N = Y.00260 + 14:00307- 18-20567TU
Toldl ™atd !E 0 ond 'pP = 16-99913 + |- 06728518 dO6UIU
AN = 1800 6Ul~ 18- 005€7

% X Y x 1o 5

T lix'ml{

mass change = .........

u [2]
(i) Calculate the energy, in J, associated with the mass change in (i).
DNE- Am 3
- ~27 €
[(7- lx 1o ) (166X 10 )] [3"3”"]

S

o~
o el Y sl

~17
Xt 3

energy = .......
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(iii) Suggest and explain why, for this reaction to occur, the helium-4 nucleus must have
a minimum speed.
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cBowged, Ap oy roust Pee e Windii.

evevau.. o ovexcome. . eloetic. fepultive . 2
foica &umd ndiate R feachs -

Q) Find the inciease wn mazs wWlon U200 “-’g
Raok ale absotbed by 1 ngata\.'[omme,
o wRmbololhe vise .«_.E 1K

Sinte
AE « &m ¢
k200 = (&Am) (B-ODXIDE)l
AM = h-sarmé'"'pﬂ
The o a maﬁ@b% amoll increage i ok

For
Examiners

© UCLES 2013 9702/42/M/JM13 [Turn over



9702/04/M/J/08 18

A positron (,Ye) is a particle that has the same mass as an electron and has a charge of For
+1.6 x 10719C, P=amvy Examiner's
A positron will interact with an electron to form two y-ray photons. Eh o e hv" Usa
< 2
e+t 2y . [V

gﬂ Eg'l:n Fﬁ

v
Assuming that the kinetic energy of the positron and the electron is negligible when they
interact,

(a) suggest why the two photons will move off in opposite directions with equal energies

Stnce.. e il MomenSum...i2... 200 S e frel
+olal vomevduny mwtd alss bo 2% T 'B:npmnmenh
cnsrwad . 'The,fo.foie, Photons. o-g Garme vous a{»(?u
Inelacken wove w eppcds ditedsng  widf fem@
Zﬁﬁ Wmev&.nu_ cwal _Kivedic Eﬂa’aa

S < |

(b) calculate the energy, in MeV, of one of the y-ray photons.

E o R

b (Ci-nxlr;m)(:sﬁnarlc?j
o 2 |qq7‘:]ﬂ ~..'I __.mj
| Me\ Qﬁ&)(l Lo X Iu:) \-60 X 10
~Pa J99x e "
606%™  0.512

BNOIGY = o Mol

... MeV [3]

@ UCLES 2008 970204/M/J/08
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8 (a) State what is meant by nuclear binding energy.

The,.. ™ninum..... 200 fes:;,\med‘ruc;omblzq .. ﬁ)ﬂ
%fﬂmnucﬂm%u:ﬂﬂo\ ..... nueleins. ... G

(b) The variation with nucleon number A of the binding energy per nucleon B is shown in

Fig. 8.1.
4 Mo La
Be e = UL
0 -
0 A
Fig. 8.1

When uranium-235 (233U) absorbs a slow-moving neutron, one possible nuclear
reaction is

235U + ln —> BMo + '¥la + 2]n + 798 + energy.
(i) State the name of this type of nuclear reaction.

. Nutkas. Fision  veackion

(i) On Fig. 8.1, mark the position of

1. the uranium-235 nucleus (label this position U), [1]
2. the molybdenum-95 ($3Mo) nucleus (label this position Mo), [1]
3. the lanthanum-139 ('2La) nucleus (label this position La). [1]

© UCLES 2013 9702/42/0/NM 3
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(iii) The masses of some particles and nuclei are given in Fig. 8.2.

mass/u
B-particle 55x%x10™
neutron 1.009
proton 1.007
uranium-235 235.123
molybdenum-95 94.945
lanthanum-139 138.955

Fig. 8.2
Calculate, for this reaction,

1. the change, in u, of the rest mass,

AM = (mu F My ~ (mmu M + 2™ +7mli)

236.132 — 235122

=
==

= 0210
change in mass = i SRR i B [2]
2. the energy released, in MeV, to three significant figures.
BE o (B} C
( ) -:rr] e
= [(u-zm)(u.eam ) fB-ﬂnﬂDJ
~-11
- 3137yx%xw0 J e
A \MeVv = (W) (rgoxio D = tboxlw J
~\1
&E = 3-I3'7'-19{1n = IC{E}Me\f
I‘&Hﬁgﬁergy = "‘cts MeV [3]

© UCLES 2013 9702/42/0/NM 3
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23.2 Radioactive decay
Candidates should be able to:
understand that fluctuations in count rate provide evidence for the random nature of radioactive decay

understand that radioactive decay is both spontaneous and random

define activity and decay constant, and recall and use A = AN
define half-life

use 4 = D.EEHJ’E.F

o LN b W Pa =

understand the exponential nature of radioactive decay, and sketch and use the relationship x = xr_.,e"&,
where x could represent activity, number of undecayed nuclei or received count rate
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12 The isotope iodine-131 ('231) is radioactive with a decay constant of 8.6x10~2day ' X
[~ particles are emitted with a maximum energy of 0.61 MeV.

(a) State what is meant by

(i) radioactive,

% j}\,‘ WA S“ﬁdﬂcaﬁ«;ana(asd ______ 3. Shased -
*i Omc;l oawlx‘rm\k:m ........ EP“"*‘DEM,RGM ....... TOPA IR RAORNRY ..

Eavaﬁn = X

g = E— {c} A sample of blood contains 1.2x 10 9g of iodine-131.

= _:EP_, Determine, for this sample of blood,
(i) the activity of the iodine-131,

Ne- oB Fx;\fh‘cp_ﬂ. in 12 x \;q% {f Qpding = (I- QI_;IE“)(E_ﬂmt::S

12
N = S.351x1b

A= XN
€6x|p2 12
24> Eox o )(5-5 Jx10 )
activity = .......... S:4gx.1 PF ................. Bq [3]

@ UCLES 2017 9702/42/0/NNT
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(ii) the time for the activity of the iodine-131 to be reduced to 1/50 of the activity calculated

in (i). A B e’“N:
| -
G = K €
| -t
— = @
< ¥
P’ﬂl- gﬂﬂﬂ = ~ At ‘&1@
t = n So
tg. ox Iﬂu) time= ............... L‘lﬁ‘ ......................... days [2]

[Total: 11]

@ UCLES 2017 9702/42/0/NNT
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A-2 NUCLEAR PHYSICS (CIE Past Paper Questions) s mie) wcs i era

leacher 78650 hotmaul coem

Data & Formulae provided in CAIE paper:

unified atomic mass unit 1u =1.66 x 10?7kg
rest mass of electron m, = 9.11 x 10731kg
rest mass of proton m, = 1.67 x 107%7 kg
radioactive decay X = X, exp(-4t)

0.693
decay constant 1 = -

Q.1 /{0.12/June 2020/41}
(a) The decay of a sample of a radioactive isotope is said to be random and spontaneous.

Explain what is meant by the decay being:

(i) random

(ii) spontaneous.

- [1]

(b) Aradioactive isotope X has a half-life of 1.4 hours.
Initially, a pure sample of this isotope X has an activity of 3.6 x 10°Baq.

Determine the activity of the isotope X in the sample after a time of 2.0 hours.

activity = .. B [3]
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(c) The variation with time t of the actual activity A of the sample in (b) is snown in Fig. 1£.1.

- |
|
AI10%Bq [N\ |
| 1 |

3 |

2

i

0 !

0 1 2 3 - 5 6
t/hours
Fig. 12.1

| e initial activity of isotope X in the sample is 3.6 x g.
(i) The initial activity of isotope X in th leis 3.6 x 10°B

Use information from (b) to sketch, on the axes of Fig. 12.1, the variation with time t of
the activity of a pure sample of isotope X. [1]

(ii) Suggest an explanation for any difference between the actual activity of the sample
shown in Fig. 12.1 and the curve you have drawn for the activity of isotope X.

Q.2 {0.12/June 2020/42}
(a) State what is meant by the mass defect of a nucleus.

---------------------------------------------------------------------------------------------------------------------------------------------------
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(b) Some masses are shown in Table 12.1.

Table 12.1
mass/u
proton 1p 1.007 276
neutron jn 1.008 665
helium-4 (3He) nucleus | 4.001506

Show that:

(i) the energy equivalence of 1.00u is 934 MeV

2]

(i) the binding energy per nucleon of a helium-4 nucleus is 7.09 MeV.

2]

(c) Isotopes of hydrogen have binding energies per nucleon of less than 3 MeV.

Suggest why a nucleus of helium-4 does not spontaneously break down to become nuclei of
hydrogen.

. 12]
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(a) Explain what is meant by the binding energy of a nucleus.

- [2]
(b) The following nuclear reaction takes place:
“S U th = TRRCE® Rb % yin
(i) Determine the values of x and y.
[1]
(ii) State the name of this type of nuclear reaction.
2 (]

(iii) Compare the binding energy per nucleon of uranium-235%5 with the binding energy per
nucleon of caesium-144.

- [1]

(¢) Yttrium-90 decays into zirconium-90, a stable isotope.
A sample initially consists of pure yttrium-90.

Calculate the time, in days, when the ratio of the number of yttrium-90 nuclei to the number of
zirconium-90 nuclei would be 2.0.

The half-life of yttrium-90 is 2.7 days.
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(a) A sample of a radioactive isotope contains N nuclei of the isotope at time T,

Attime (T + AT), the sample contains (N — AN) nuclei of the isotope. The time interval AT is
short.

Use the symbols N, AN, T and AT to give expressions for:

(i) the average activity of the sample during the time AT

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, [1]

(if) the probability of decay of a nucleus in the time AT
..................................................................................................................................... [1]

(iif) the decay constant A of the isotope.
_____________________________________________________________________________________________________________________________________ (1]

(b) The isotope polonium-208 (233Po) is radioactive and decays to form lead-204 (233Pb).
The nuclear equation for this decay is

28aP0 —> 203Pb + 3He.

Data for nuclear masses are given in Fig. 12.1.

mass/u
He 4.002603
Pt 203.973043
2 Po 207.981 245
Fig. 12.1

(i) Determine, for the decay of one nucleus of polonium-208:

1. the change, in u, of the mass

MASS CRANGE = ... ere e e e e aeeeaans u [1]
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2. the total energy, in pJ, released.

BABIAY = iR .pJd [3]

(ii) The polonium-208 nucleus is initially stationary. The initial kinetic energy of the
gHe nucleus (a-particle) is found to be less than the energy calculated in (i) part 2.

Suggest two possible reasons for this difference.

---------------------------------------------------------------------------------------------------------------------------------------
1111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111

-------------------------------------------------------------------------------------------------------------------------------------------

Q.5 10.12/June 2018/42)
(a) State what is meant by radioactive decay.

(b) An unstable nuclide P has decay constant A, and decays to form a nuclide D.

This nuclide D is unstable and decays with decay constant A to form a stable nuclide S. The
decay chain is illustrated in Fig. 12.1.

decay constant decay constant
Ap Ap
nuclide P i nuclide D = nuclide S
Fig. 12.1

The symbols P, D and S are not the nuclide symbols.

Initially, a radioactive sample contains only nuclide P.




The variation with time t of the number of nuclei of each of the three nuclides in the sample

shown in Fig. 12.2. Akhtar Mahmood (0333-4281759)
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number
()] e
0 t
Fig. 12.2
(i) On Fig. 12.2, use the symbols P, D and S to identify the curve for each of the three
nuclides. [2]

(if) The half-life of nuclide P is 60.0 minutes.

Calculate the decay constant 4, in s, of this nuclide.
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(c) Inthe decay chain shown in Fig. 12.1, A, is approximately equal to 54y Ase #hsics, MCS. Mlid-11, b.Ld
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The decay chain of a different nuclide E is illustrated in Fig. 12.3.

decay constant decay constant
;LE AE
nuclide E - nuclide F e nuclide G
Fig. 12.3

The decay constant A of nuclide F is very much larger than the decay constant A of
nuclide E.

By reference to the half-life of nuclide F, explain why the number of nuclei of nuclide F in the
sample is always small.

Q.6 {Q.7/Nov. 2007/4}
(a) Explain what is meant by the binding energy of a nucleus.

1]

(b) Fig. 7.1 shows the variation with nucleon number (mass number) A of the binding energy
per nucleon Eg of nuclei.

EEJl

Fig. 7.1




One particular fission reaction may be represented by the nuclear equation
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(1) On Fig. 7.1, label the approximate positions of

235

1. the uranium (3,

U) nucleus with the symbol U,
2. the barium (1;;53} nucleus with the symbol Ba,

3. the krypton [ggKr] nucleus with the symbol Kr. 2]

(i) The neutron that is absorbed by the uranium nucleus has very little kinetic energy.
Explain why this fission reaction is energetically possible.

]2

(c) Barium-141 has a half-life of 18 minutes. The half-life of Krypton-92 is 3.0s.
In the fission reaction of a mass of Uranium-235, equal numbers of barium and Krypton
nuclei are produced.
Estimate the time taken after the fission of the sample of uranium for the ratio

number of Barium-141 nuclei
number of Krypton-92 nuclei

to be approximately equal to 8.

tMe = ooeieieeceeeeeeeeeeevrviireneeeeenen S [3]

Q.7
(a) Define the term radioactive decay constant.
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(b) State the relation between the activity A of a sample of a radioactive s Physics. MCS MEA-IT B Fd
VTS, TMCE, D AR DeiTBM), QO PEPITE)

............................................................................................................ 1]

(c) Radon is a radioactive gas with half-life 56s. For health reasons,the maximum permissible
level of radon in air in a building is set at 1 radon atom for every 1.5x10*'molecules of air.
1 mol of air in the building is contained in 0.024m".
Calculate, for this building,
(i) the number of molecules of airin 1.0 m°,

NUMDET .. e e e e
(ii) the maximum permissible number of radon atoms in 1.0 m”of air,

NUMDET e e e e
(iii) the maximum permissible activity of radon per cubic metre of air.

BN oo mismn s s Bq [5]

Q.8 Strontium-90 decays with the emission of a 3-particle to form Yttrium-90. The reaction is
represented by the equation

35T — 2gY + _je + 0.55 MeV.
The decay constant is 0.025 year™".

(a) Suggest, with a reason, which nucleus, gESr or gBY‘ has the greater binding energy.
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(c) At the time of purchase of a Strontium-90 source, the acitivity M Se. (Physics). MCS, MBA-IT, B.Ed.
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(i) Calculate, for this sample of strontium,

1. the initial number of atoms,

NUMBEE: :covvasissmumiiisissrss 4]

2. the initial mass.

MASE o snnm sarnrrasns Kg [2]
(i) Determine the activity A of the sample 5.0 years after purchase, expressing the answer

as a fraction of the initial activity 'Aﬂ- That is, calculate the ratio —E—-
0




ANSWLR KLYS

Q.1 | Q12/June 2020/41
12(a){i) | time atwhich a nucleus will decay cannot be predicted E1
zéns'ranl probability of decay of a nucleus
12(a)ii) | decay (of a nucleus) not affected by environmental factors B1
12(b) (A =dpe™ and A=In2/ts 1
=36x10°xexp [-{2 xIn2)/1.4] c1
or
A = Ay x0.5M [C1)
= 3.6 % 10°x 0.5" where N=2/1.4 (€1)
A =13x10°Bqg At
12(e)(i) | smooth curve, starting at (0, 3.5 = 10°) and passing through (1.4, 1.8 = 10%) and (2.0, 1.3 = 109) B1
12(c)ii) | (activity of sample is greater than activity of X so) there must be an additional source of activity Cc1
the decay product (of isotope X) is radioactive A1
Q.2 | Q.12/Tune 2020/42
12(a) difference between mass of nucleus and mass of (constituent) nucleons | M1
where nucleons are separated to infinity I A1
12(b}i} | E = me? c1
| = 1.86 « 1077 = (3.00 = 109¢ /{1.60 = 107%) = 934 MeV/ | .ﬂ.'i
12(b){ii} | mass defect= 2 = {1.007276 + 1.008665) — 4.001506 | B1
(= 0.030378)
binding energy per nucleon = (0.030376 = 834)/4 = 7.09 MeV A1
12(c) binding energy per nucleon is much greater M1
so would require a large amount of energy to separate the nucleons in helium | A1
or
amount of energy released in forming hydrogen isotopes | {M1)
is less than energy required to break apart helium nucleus | (A1)
(). 3 | Q.12/March 2020/42 |
12(a) (minimum} energy required to separate the nucleons | M1
to infinity | A1
12{b)iy | 37 B1
2
1ﬁih3[1’i] fission B1
[2ib)ii) | binding energy per nucleon smaller for LI than for Cs B1
12(e) Currentratio 2 Y to 1 Zr. soinitially 3 Y c1
2=3e
A=0.693/27
In(2/3)==(In2/2.71 c1
t=1.6 days A
or
(=273 (C1)
n=0.585 (C1)
time =0585=x27 (A1)

= 1.6 days




Q 4

0.12/June 2019/41

12(a)(i) | ANJAT B1
12(a)ii) | ANIN B1
12(a)iii) | ANJ(NAT) B1
12(b)i) |1. mass change =560 « 107y A1
2. energy =(A)me c1
=5.6 % 107« 1.66 « 1077 » (3.0 « 107 C1
(=8.36 « 10-8J)
=0.84pJ A1
12(b)(ii) | kinetic energy (of recoil) of lead (nucleus) B1
energy of y-ray photon B1
Q.5 | Q.12/June 2018/42
12(a) | emission of particles/radiation by unstable nucleus B1
spontaneous emission B1
12(b)(i) | P =the curve that starts with a high number B2
D - the curve with the peak
S = the curve that increases from zero throughout
(one correct 1 mark, all three correct 2 marks)
12(b)iii) | i, = 0693 C1
4 =0.693/(60.0 « 60)
=193« 107's" A1
12(c) | half-life of F is much shorter than half-life of E B1
nuclei of F decay (almost) as soon as they are produced B1
Q.6 | Q.7/Nov. 2007/4
(a) energy required to (completely) separate the nucleons (in a nucleus) .........ccocecevvenee. B1 [1]
(b) (i) U labelled nearright-hand end of liNe ... ... e cinnans B1
Ba and Kr in approximately correct positions .........ccccociiiiiiiiiiicciiiiciscssnis cenne B 2]
i) DI B Y U8 B 0 g i B B S s e St i B1
either binding energy of U < binding energy of (Ba + Kr)
or B ol e O D a e T G G S i B1 [2]
(e} Krypton-92 radueed bo H B i O s e R e e e G i i M1
N 9 &, very it gecay of BRarUMETET Goouieasiisnssitasassisiotaiieiasasetsbisssnissistshs thiosssse sms M1
SO, AP PIOXIMIA B Y D B ittt e e e e e e e s A1 [3]
OR
Awr = 0.231 or Aps = 6.42 x 107 (M1)
8= E-.-;E e I'Ilre-.-.K w f {C1 ::|

I=90s




