Particle physics

1 Particle physics
11.1  Atoms, nuclei and radiation

Candidates should be able to:

—_

infer from the results of the a-particle scattering experiment the existence and small size of the nucleus

2 describe a simple model for the nuclear atom to include protons, neutrons and orbital electrons

3 distinguish between nucleon number and proton number

4 understand that isotopes are forms of the same element with different numbers of neutrons in their
nuclei

5 understand and use the notation ’;X for the representation of nuclides

6 understand that nucleon number and charge are conserved in nuclear processes

7 describe the composition, mass and charge of a.-, B- and y-radiations (both B~ (electrons) and B*
(positrons) are included)

8 understand that an antiparticle has the same mass but opposite charge to the corresponding particle,
and that a positron is the antiparticle of an electron

9 state that (electron) antineutrinos are produced during 3~ decay and (electron) neutrinos are produced
during B* decay

10 understand that o.-particles have discrete energies but that B-particles have a continuous range of
energies because (anti)neutrinos are emitted in 3-decay

C . 238 234 4
1 represent a- and B-decay by a radioactive decay equation of the form “,U — “§ 'Th + Ja
12 use the unified atomic mass unit (u) as a unit of mass
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11.2  Fundamental particles

Candidates should be able to:

1 understand that a quark is a fundamental particle and that there are six flavours (types) of quark: up,
down, strange, charm, top and bottom

2 recall and use the charge of each flavour of quark and understand that its respective antiquark has the
opposite charge (no knowledge of any other properties of quarks is required)

3 recall that protons and neutrons are not fundamental particles and describe protons and neutrons in
terms of their quark composition

4 understand that a hadron may be either a baryon (consisting of three quarks) or a meson (consisting of
one quark and one antiquark)

5 describe the changes to quark composition that take place during B~ and B* decay

6 recall that electrons and neutrinos are fundamental particles called leptons
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Fundamental particles

Electrons, neutrons, and protons were once thought to be fundamental
particles (i.e., they did not consist of combinations of other particles). It was
later discovered that, although electrons are still believed to be fundamental
particles, protons and neutrons consist of combinations of smaller particles.
These particles were given the name quarks,

The standard model of particle physics asserts that there are 12 fundamental
particles, which can be divided into two groups, according to their properties,
as shown in Table 26.2.

Quarks: there are six types of quark. Protons and neutrons are made up of
different combinations of quarks.

Leptons: there are six types of lepton. An electron is one example of a lepton.
All leptons have very small masses (lepton means light in Greek).

V¥V Table 26.2 Quarks and leptons

Charge/e
2
up, u charm, c top, t +§
Quarks :
down, d strange, s bottom, b sy
electron, e muon, | tau, 1 -1
Leptons electron- muon- tau-neutrino, v_ 0
neutrino, v, neutrino, v,

Quarks occur in groups of two or three, never separately. The top quark is the
heaviest with a mass approximately 200 times the mass of a proton. As well
as the 12 fundamental particles, there are 12 equivalent antiparticles.



There are four fundamental forces that control the interactions between
fundamental particles, as shown in Table 26.3.

V¥ Table 26.3 Fundamental forces

Force Range Acts on

Gravity no limit all objects
Electromagnetic no limit charged objects
Strong nuclear force 10"m quarks and antiquarks
Weak nuclear force 10""m fundamental particles

A proton consists of two up quarks and one down quark (uud), held together

by the strong nuclear force. A neutron consists of one up quark and two
down quarks (udd). Particles that consist of combinations of quarks and

antiquarks are called hadrons (hadrons are defined as particles held together

by the strong nuclear force). Baryons are particles consisting of three quarks
(Figure 26.7). They include protons and neutrons. Mesons (Figure 26.8) are
particles consisting of one quark and one antiquark. Antibaryons consist of

three antiquarks (Figure 26.9).

7

J

Worked example

One type of hadron consists of two down quarks and one strange quark.
State the charge on this hadron.

Answer

Both the down quark and the strange quark have a charge -—%e, so the

total charge must be —e.
\

Quarks and beta decay

In B -decay, a down quark changes into an up quark in one of the neutrons
in a nucleus, making it a proton, and in doing so emits an electron (the
["-particle) and an electron antineutrino. In B"-decay, one of the protons in
a nucleus changes into a neutron by one of the up quarks changing into a
down quark, emitting a positron (the f'-particle) and an electron neutrino
in the process.

\

The force (or interaction) responsible for beta decay, causing a neutron to

change into a proton (or a proton into a neutron), is the weak nuclear force

(or weak interaction).

() @
®@ ®@

0.0 O
@@ @@

Neutron (udd) A (uuu)
A Figure 26.7 Some baryons

- meson (d)

9%

K meson (d5)

A Figure 26.8 Some mesons

Mesons

consist of a quark and
an antiquark e.g., uf

Baryons

consist of 3 quarks,

€., uud for a proton

Antibaryons

consist of 3 antiquarks,
e, 003 1or an antiproton

A Figure 26.9 Hadrons
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39 Radiation from a radioactive source has a range of a few millimetres in air and can be deflected
by an electric field.

Which type of radiation is being emitted?

@ a-radiation

B [ radiation
C B’ radiation

D y-rays

40 Which equation describes the process of p* decay?

key: be‘h)“ G NQ\&\N"\

1 ° !
— s N+~ +E
d = down quark ‘P ‘HB o
v = (electron) neutrino uuA S e Ig A lkdd 4 ~ A Y
“+

v= (electron) antineutrino | j

u = up quark

A ddu - uud + B" + v
B ddu —» uud + B" + v
©uud—>ddu+[3++v
D wuud - ddu + B" + v
9702/12/M/J/20
39 An unstable nucleus goes through successive decays to become a final, stable nucleus.
The initial nucleus and the final nucleus are isotopes of each other.

How many o and ~ particles could have been emitted during the decay sequence?

particle A >< _/»X N ‘:\:\.Q_ +20_F
2 2

o in
Al 1 0
® | 1 2
c| 2 0
D | 2 1




Baryons T S <
40 A hadron has a charge of —e and is composed of three quarks.
= t(£)+(-L). -
What could be the quark composition of the hadron? 3 3) C 3 ) = ~€
® B c D
key

(s) (s) () (s) (W (s) (W (W) u-wwauark
S = strange quar
(s) (s) () (W) e ae e te
-2 428 =202
%) &2 -2 ST 3 3 =
=0

S 3
e - 2€

9702/11/M/J/20

39 An element has two isotopic forms.

p—

What are the nuclear arrangements of these two isotopes?

They have different nucleon numbers and different proton numbers.

A

They have different nucleon numbers but the same proton number.
C They have the same nucleon number and the same proton number.
D

They have the same nucleon number but different proton numbers.

2N
40 A hadron has a chargeE':a, where e is the elementary charge.

Which combination of up (u) and down (d) quarks could form this hadron?

A ddd B udd @ uud D uuu
9702/11/M/J/21

39 A nucleus of uranium, “,U, undergoes a series of decays. During the series of decays, two
a-particles and one B~ particle are emitted.

As a result, a nucleus of actinium, Ac, is formed.

What is the correct notation for the nuclide of actinium that is formed?

235 -8 : 227
A ZAc 21 Nc cC *Ac D ZlAc
225 A2-4+t = 89

U RC & 20+ B £y

w’ G

40 Which particle is a fundamental particle? (L-Q.ph:m e QQadfon ) n_Quh‘no) B- Pmkdb
(A electron
B hadon — Covpoced of otRat fundomentel padtichs te Spvevis)
C neutron _— s2d 4+ 08

D proton —2“*ld+og
AN
Skange auark
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39 A nucleus of magnesium decays into a nucleus X by emitting a [3+ particle. The decay is
represented by the equation shown.

=

)
%gMg N gx + 2B+f)’\) P = 2%
= 12-1=\\
What are the values of P and Q?
P Q
A 22 11
B 22 13 '
© 23 11
D 23 13

40 In B~ decay, a neutron inside a nucleus changes to a proton.

Which statement describes the quark composition of the nucleus during the decay?

@ The number of down quarks decreases by one.
B The number of down quarks increases by one.
C The number of down quarks stays the same.

D The number of up quarks stays the same.

Newon ——— Probm
wdda ——— uu

9702/13/M/J/21

39 A beam of a-particles is incident on a thin gold foil. One a-particle collides head-on with a gold
nucleus and is deflected back along its original path.

Which statement could explain why the recoil speed of the gold nucleus is small compared with
the recoil speed of the a-particle?

A Most a-particles are only slightly deflected as they pass through the gold foil.
B The a-particle and the gold nucleus repel each other.

© The mass of the gold nucleus is much greater than the mass of the a-particle.
D

The momentum of the a-particle decreases as it approaches the gold nucleus.

40 A hadron is composed of three quarks. The hadron has a charge.

What is a possible quark composition of the hadron?
A down, down, up -2 +("§.)+ 28 =0
- - - 3 3 2
B do n, u straﬁe =0
28
C 'ﬁ' , str ge,estrange =0
el
@ » up, stranTge = +€ = 1boxte qC,
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7 Anucleus of plutonium-238 (235Pu) decays by emitting an a-particle to produce a new nucleus X
and 5.6 MeV of energy. The decay is represented by

28y —> X + a + 5.6MeV.

(a) Determme the number of protons and the number of neutrons in nucleus X.

\.\q 5.4 MeYV
quU—>>< K N

number of protons = ... T

number of neutrons = ... L T T,

(b) Calculate the number of plutonium-238 nuclei that must decay in a time of 1.0s to produce a
power of 0.15W.

Co'v\\reft S-EMeV nevgd o {owle
- (3.6) Uo‘)(\ 8610

_ - Q- C‘(éx\o 2T
[okal ww& _ Avage Pawet

ne . P=> M(8UrT = of
t vo
NUMDET = ..o [2]

n= b€ 7xwo [Total: 4]
9702/21/M/JI19

7 (a) One of the results of the a-particle scattering experiment is that a very small minority of the
a-particles are scattered through angles greater than 90°.

State what may be inferred about the structure of the atom from this result.

Thate.. .. enoall.. Omd\ ....... massive...cPavgead......

(b) Ahadron has an overall charge of +e, where e is the elementary charge. The hadron contains
three quarks. One of the quarks is a strange (s) quark.

(i) State the charge, in terms of e, of the strange (s) quark.



(ii) The other two quarks in the hadron have the same charge as each other.

By considering charge, determine a possible type (flavour) of the other two quarks.
Explain your working.

2(quatk) + e quak) = + €
'2.(6\]\/\4-\5\:) - %:e

9702/22/M/JI20 [Total: 5]

7 (a) A nucleus of an element X decays by emitting a p* particle to produce a nucleus of
potassium-39 (?SK) and a neutrino. The decay is represented by

|
X = 3K + Ept + v
]

(i) State the number represented tJy each of the following letters.
Q=39 2q ° v
S o N X —> K+ B &3
S - 94429
Qo 2L ° )
SR
S 2O

(2]

(b) A hadron is composed of three identical quarks and has a charge of +2e, where e is the
elementary charge.

Determine a possible type (flavour) of the quarks.
Explain your working.

2 Y= x2P
N~ ~ 2

[Total: 5]
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6 (a) One of the results of the a-particle scattering experiment is that a very small minority of the
a-particles are scattered through angles greater than 90°.

State what may be inferred about the structure of the atom from this result.

....... Rab eist, o

(b) An a-particle is made up of other particles. One of these particles is a proton.

CON'PCS'(HM\ gg State and explain whether a proton is a fundamental particle.
Proton :

A down quatk LAW ..... OBWP@T%C«Q%,@M ...... Quarks.... (1]

O
a Mc) A radioactive source produces a beam of a-particles in a vacuum. The average current
S'M’“’%Q- 9wk produced by the beam is 6.9 x 10-2A.

Calculate the average number of a-particles passing a fixed point in the beam in a time of
1.0 minute.

T fAa: a -1t :
OE’Q Y%Q ’ - (G.qx\a“)(6°) = L.\ x\o-lc

Tolnd chage = (1o § ot Ges)(er o am loetiory i)

G = ne
bik x15' = N [2 (\-éoxta‘q)]
2 12
n = (.29x lo\ number = ........ Y2 X0 [3]

(d) Omd ey Pwkkg ae vt w &\ﬁ@ﬂm& o Jung 2023 .
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7 (a) State and explain whether a neutron is a fundamental particle.
Newheon.._ia. ede. . Q'P B Sundomentl  particly
de- Owmetlr. o o ek &ﬁv\dﬂ' ................ R0 (1

(b) A proton in a stationary nucleus decays. P —_— ‘n A B A )
] o 1

(i) State the two leptons that arg produced by the decay.
Position (8)

(ii) Part of the energy released by the decay is given to the two leptons.

State two possible forms of the remainder of the released energy




