
BPhO Round 1 Solutions

1 Section 1

a) i)

v2 = u2 + 2as
= 32 + 2× 9.81× 2
= 6.946 = 7.0ms−1

(1 mark)

a) ii)

gh1 = 1
2v

2η = 1
2 × 6.952 × 0.7 → h1 = 1.72m

hn = h1 × ηn−1 = 0.59m

(1 mark)

b) Consider power consumption P and energy E of the battery:

At night E = 10P
In the day E = T × 2

3P
∴ 2

3T = 10 → T = 15hours

(2 mark2)

c) Diagram with forces marked:

Figure 1: 1.c

(1 mark)
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Resolving moments about A:

mgh sin(θ) = mv2

r h cos(θ)
tan(θ)gr = v2

tan(θ1)
tan(θ2)

=
v2
1

v2
2

tan(θ1)
tan(12◦) =

152

102

→ θ = 25.6◦ = 26◦

(3 marks)

d) If TE = 2TI , then ωE = 1
2ωI

ω2
Er

2
E = ω2

Ir
3
I

∴ rE = rI

(
ωI

ωE

) 2
3

= rI × 2
2
3

a = ω2r

→ aI

aE
=

(
ωI

ωE

)2

× rI
rE

= 22 × 2−
2
3 = 2.52

(3 marks)

e)Momentum conservation:

Parallel: m1u = m1v1 cos θ +m2v2 cos θ
Perpendicular: m1v1 sin θ = m2v2 sin θ

∴ m1v1 = m2v2 → u = 2v1 cos θ

(2 marks)

Energy conservation:

m1u
2 = m1v

2
1 +m2v

2
2

= m1v1(v1 + v2) = m1v
2
1

(
1 + v1

v2

)
∴ u2 = v21

(
1 + v1

v2

)
(1 mark)

Eliminating u, we get:

4 cos2 θ = 1 + m1

m2

There largest value of m1

m2
= 3, when θ → 0. If m1 = m2, cos θ = 1√

2
→ θ = π

4 = 45◦

(2 marks)
(e) Total: 5 marks
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f) Resolving when the object travels up the slope:

−mau = Fd +mg sinα
∴ v2 = 2

(
Fd

m + g sinα
)
s

Similarly for going down the slope we get:

v2

4 = 2
(
−Fd

m + g sinα
)
s

(3 marks)

Dividing the two equations to eliminate v:

4 =
(
Fd

m + g sinα
)
/
(
g sinα− Fd

m

)
4mg sinα− 4Fd = Fd +mg sinα

3mg sinα = 5Fd = 5µN = 5µmg cosα
∴ µ = 3

5 tanα

(2 marks)
(f) Total: 5 marks

g) i) As the average height of the fluid above the first density change is h
2 , the force on the exterior

walls is:

F1 = 1
2ρghA

(1 mark)

g) ii)

F2 =
(
ρgh+ 2ρ× g h

2

)
A = 2ρghA

(1 mark)

g) iii)

Fn = (p1 + p2 + ...+ nρg h
2 )A

= ρgh(1 + 2 + 3 + ...+ n− 1 + n
2 )A

= ρghA(1 + 2 + 3 + ...+ n− n
2 ) = ρghA

[
Σn

k=1k − n
2

]
= ρghA

[
n
2 (n+ 1)− n

2

]
= ρghAn2

2

(2 marks)
(g) Total: 4 marks

h) i) Thrust = ∆(mv)
∆t = 50× 2000 = 105N

(1 mark)
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h) ii)

T −mg = ma
a = T

m − g

(1 mark)

h) iii)

m(t) = −m0t
t0

+m0 +mr

→ a(t) = T

−m0t
t0

+m0+mr
− g

(1 mark)

h) iv) a = g for twice the weight.

2g = T

−m0t
t0

+m0+mr
= 105

104−50t

−50t+ 104 = 105

2g

t = 200− 1000
9.81 = 98s

(1 mark)
(h) Total: 4 marks

i) An open top drum:

∆Voil = V0∆T × 7× 10−4

∆Vdrum = V0∆T × 3× 1.2× 10−5

∆V
V0

= 0.024 = ∆T (7× 10−4 − 3.6× 10−5)

∆T = 0.024×105

70−3.6 = 36.1◦C
∴ T = 41.1◦C

Where the factor of three is used in the second line as we are given the linear coefficient of expansion
for the steel.

(i) Total: 3 marks

j) Applying the cosine rule to the smaller triangle:

c2 = 522 + 432 − 2× 52× 43 cos(28◦)
→ c = 24.586km
v = c

300 = 82ms−1

(1 mark)

Applying the sine rule on the small triangle to find θ:
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Figure 2: 1.j

sin 28
c = sin θ

52
θ = 83.19◦ or θ = 96.81◦

If θ was 90◦, the lenght marked as 52km would be 43
cos 28 = 49km. Therefore θ = 96.8◦.

(1 mark)

Now using the cosine rule on the larger triangle:

R2 = 432 + 9× 24.5862 − 2× 43× 3× 24.586 cos(96.8)
R = 89.7km

(1 mark)

R
sin θ = 3c

sinϕ
∴ ϕ = 54.76◦

So the bearing is 013.2◦

(1 mark)
(j) Total: 4 marks

k) b will have units of volume, so [b] = m3. The exponent must be dimensionless, therefore
[a] = [nRTV ] = [pV 2] = N

m2 ×m6 = kgm5s−2.

(2 marks)

Expanding the exponent:

p(V − b) ≈ nRT
(
1− a

nRTV

)
pV − pb = nRT − a

V
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Equating terms given the ideal gas law pv = nRT :

pV = nRTc =
a
b Tc =

a
nrb

(2 marks)
(k) Total: 4 marks

l) Correct diagram:

Figure 3: 1.l

(1 mark)

Resolving parallel to the rod:

N1 cos θ = mg sin θ

(1 mark)

Now resolving moments by the contact point:

N1 sin θL = mg cos θ
(
L− l

2

)
(1 mark)

Dividing to eliminate N1:

tan θL = 1
tan θ

(
L− l

2

)
→ tan2 θ = 1− l

2L
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But, L = 2r cos θ, so tan2 θ = 1− l
4r cos θ

(2 marks)

Finally, using trigonometry to solve for r:

1−cos2 θ
cos2 θ = 1− l

4r cos θ

1− cos2 θ = cos2 θ − l cos θ
4r cos θ

l cos θ4r = 2 cos2 θ − 1 = cos 2θ

r = l cos θ
4 cos 2θ

(1 marks)
(l) Total: 6 marks

m) i) To maximise the current all switches must be closed.

I = 5V
2× 5

3Ω
= 3.5

2.5A = 1.5A

m) ii) To minimise the current only one of the switches should be closed.

I = 5
10Ω = 0.5A

(1 mark) for both qualitative parts
(1 mark) for each current obtained

(m) Total: 3 marks

n) a) First calculate the voltage across the 5kΩ resistor with S open:

Vo = 5
20+5V = V

5

(1 mark)

n) b) Now with S closed:

Resistance in parallel:
1
Rp

= 1
15 + 1

10 + 1
5 = 11

30

Rp = 30
11kΩ = 2.7kΩ

(1 mark)

Vc =
30/11

30/11+20V = 30
220+30V = 3

25V

∴ Ic
Io

=
3
25V
V
5

= 3
5

(1 mark)
(n) Total: 3 marks
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o) Given P = kR2T 4 and Tλmax = k′, then P = k′′R
2

λ4

(1 mark)

Hence:

λ4
1

λ4
2
=

R2
1P2

P1R2
2
= 4000

2002 = 1
10

∴ λ4
2 = 5004 × 10nm4

λ2 = 889nm

(1 mark)
(o) Total: 3 marks

p) For a photon of energy E, λ = hc
E(eVe , where e is the electronic charge. Therfore, λ = 487nm.

(1 mark)

Doppler effect: ∆λ
λ = v

c
and Hubble’s Law: v = H0d

→ d = C∆λ
H0λ

d = 5.4×10−9×2.55×1.6×10−19

70×103×6.63×10−34 Mpc
∴ d = 47.5Mpc

v = 3.32× 106ms−1

(2 marks)
(p) Total: 3 marks

q) We want to find the natural frequency of the cars ”bouncing” movement1:

mg = kx
4× 80× 9.81 = k × 1.8× 10−2

= 1.74× 105Nm−1

(1 mark)

Travelling forward, the ride will be uncomfortable if the time between the bumps is resonant with
the time period of the ”bouncing” motion:

T = ∆x
v = 2π

√
m
k

v = ∆x
2π

√
k
m

∴ v = 15.9ms−1

(2 marks)
(q) Total: 3 marks

1Using the depression distance of 1.8 cm
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r) A pendulum clock has a period of T = 2π
√

l
g . Let the correct period (1 second) be T , so the wrong

pendulum period is T +∆T . In 24 hours, NT = 24× 3600, where N is the number of 1 second pe-
riods in a day. Therefore, for the wrong period N(T+∆T ) = 24×3600+600, so N∆T = 600. Hence:

∆T
T = 1

6×24 = 1
144

(2 marks)

Now binomially expanding the time period:

T +∆T = 2π
√

l
g

(
1 + δl

l

)0.5 ≈ T + T 1
2
δl
l

∴ δl
l = 2∆T

T = 1
72 = 1.4%

Hence, the pendulum is 1.4% too long, so it should be shortened.

(2 marks)
(r) Total: 4 marks

s) The resolution limit of two point sources is given by θRayleigh = 1.22λ/D.

D = 1.22× 2140
0.00593 × 550× 10−9 = 0.24m

OR D = 0.20m, if 1.22 not included.

(2 marks)
(s) Total: 2 marks

t) Diagram with rays:

Figure 4: 1.t

(1 mark)
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Let ϕ → 90◦, so sinϕ = 1 = 1.4 sinϕr. Therefore ϕr = 45.6◦.

(1 mark)

ϕi = 180− 105− 45.6 = 29.4◦

1.4 sin 29.4 = sinϕout → ϕout = 43.4◦

(1 mark)
(t) Total: 3 marks

u) Diagram with forces:

Figure 5: 1.u

(1 mark)

WD = energy gained by particle A
= mgh+ qQ

4πϵ0r

(1 mark)

Now resolving the forces vertically and horizontally:

V: mg = T cos θ + qQ
4πϵ0r2

sin θ
2

H: qQ
4πϵ0r2

cos θ
2 = T sin θ
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(2 marks)

Now, dividing the first equation by qQ
4πϵ0r2

cos θ
2 = QE cos θ

2 we get:

mg
QE cos θ

2

= tan θ
2 + 1

tan θ

mg
QE = sin θ

2 +
cos θ

2

tan θ

Making the substitutions s = sin θ
2 , c = cos θ

2 and t = tan θ
2 , and observing that tan θ = 2t

1−t2 , we find:

mg
QE = s+ c(1−t2)

2t

=
(
2st+ c− s2

c

)
/2t

=
(
2 s2

c + c− s2

c

)
/2t

=
(
c+ s2

c

)
/2t = (s2+c2)c

2sc = 1
2s

∴ mg
QE = mgr2

kqQ = 1
sin θ

2

(1 mark)

From the diagram, we have r
2l = sin θ

2 , so r3 = kqQl
mg

(1 mark)

So now we have WD = mgh + kqQ
r = mg

(
h+ kqQ

mgr

)
. From the diagram, h = l(1 − cos θ) =

2l sin2 θ
2 .Bringing this together we get:

WD = mg
(
2l sin2 θ

2 + r2

l

)
= mg

(
2l sin2 θ

2 + 4l sin2 θ
2

)
= 6mgl sin2 θ

2 = 6mgr2

4l

= 3
2

(
mgk2q2Q2

l

) 1
3

Where q = 1
4πϵ0

(1 mark)
(u) Total: 7 marks

v) Applying Kirchoff’s 2nd Law:

0 = Vc + VR

0 = Q
C + IR

Q
C = −dQ

dt (AV +B)

V = −C dV
dt (AV +B)

(2 marks)
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Now integrating to find V (t):

1
C

∫ t

0
dt′ = −

∫ V

V0
dV ′ (A+ B

V

)
t
c = AV0

(
1− V

V0

)
−B ln

(
V
V0

)
(1 mark)

To solve for A and B:

R = AV +B
4 = 0.06A+B and 10 = 6A+B
∴ A = 100

99 ≈ 1.01, B = 130
33 ≈ 3.94

(2 marks)

Finally, substituting all values into the equation for t(V ), we get t = 6 + 260
33 ln 10 = 24s.

(1 mark)
(v) Total: 6 marks

w) Let the energy release k = kα + kT , where kα is the kinetic energy of the alpha particle, and kT
is the kinetic energy of the Thorium nucleus.

Momentum conservation: pT = pα in the rest frame.

k = kα +
p2
T

2mT
= kα +

p2
α

2mT

k = kα + 2mαkα

2mT
= kα

(
1 + mα

mT

)
∴ kα = kmT

mT+mα

(3 marks)

k = (mU −mT −mα)c
2 = 8.937× 10−13J

∴ kα = 5.48MeV

(2 marks)
(w) Total: 5 marks

2 Section 2

2.1 Question 2

a) i)

• No net force (resultant force is zero), so no linear acceleration.

• No net torque (resultant torque is zero), so no rotational acceleration.
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(1 mark) Both points required

a) ii) Taking moments about a ’O’:

m1gx1 +m2gx2 = F.xcm

F = m1g +m2g
m1x1 +m2x2 = (m1 +m2)xcm

∴ xcm = m1x1+m2x2

m1+m2

(1 mark)

a) iii) Applying a force at the centre of mass of the beam means that the rod will remain balanced
and both ends will accelerate equally. Therefore they will achieve the same speed, so k1/k2 = m1/m2.

(1 mark)
(a) Total: 3 marks

b) i) Diagram with labelled distanced and forces:

Figure 6: 2.b.i

(1 mark)

Taking moments about the pivot point:

N × 0.48g × 7.5 = 0.24g × 22.5 + 0.35g × 56
N = 6.94

N = 7 Books

(1 mark)
(b) i) Total: 2 marks
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Figure 7: 2.b.ii

b) ii)

(1 mark)

First the distances BD = LAB sinα and DE = LBC

2 sinβ − LAB sinα.

(1 mark)

µLABgLAB sinα
= µLBCg

(
LBC

2 sinβ − LAB sinα
)

L2
AB

2 sinα =
L2

BC

2 sinβ − LABLBC sinα

Let x = LAB/LBC and a = sinβ/ sinα:

x2 + 2x− a = 0
x =

√
1 + a− 1

LAB

LBC
=

√
1 + sin β

sinα − 1

(1 mark)
(b) ii) Total: 3 marks

b) iii) Using Archimedes Principle with d as the submerged distance:

LAρwg = dAρlg, so Lρw = dρl
L
2 − d

2 = L
2 − 1

2
Lρw

ρl

= L
2

(
1− ρw

ρl

)
14



(1 mark)
(b) iii) Total: 1 mark

b) iv) First calculate the centre of mass:

0.4x1 = 0.9x2

x1 + x2 = 0.3m
0.4(0.3− x2) = 0.9x2

(0.4(0.3− x2) = 0.9x2

x1 = 0.218m and x2 = 0.092m

(1 mark)

Now to calculate the rotational kinetic energy:

RE = 1
2m1(x1ω)

2 + 1
2 (x2ω)

2

1
2 × 16π2(0.4× 0.212 + 0.9× 0.0922)

= 31.5J

(1 mark)

Therefore we get a translational energy of KE = 110−31.5 = 78.5J, so mgh = 78.5 = 1.3×9.81×h.
Therefore h = 6.16m.

Using s = 1
2gt

2, tflight = 2
√

2h
g

∴ tflight = 2.24s

(1 mark)

Hence, N = 8× tflight = 17.9
N ≈ 18 rotations

(1 mark)
(b) iv) Total: 4 marks

c) i) Diagram with measurements and centre of mass line that does not change direction (straight
line).

(2 mark)

Either use one mass, using KE ∝ v2, and the fact that each section takes up the same amount of
time, so we can use perpendicular distance travelled instead of perpendicular velocity:

3.92−1.42

3.92 = 87% loss

OR use both masses:
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Figure 8: 2.c.i

3.92+2×2.02−1.42−2×0.72

3.92+2×1.42.0
= 87% loss.

Any loss > 80% gets the mark.

(1 mark)
(c) i) Total: 3 marks

d) i) The centre of mass is a/2 below the pulley initially.

(1 mark)

After it falls, the centre of mass is a below the pulley.

Loss of GPE: mg(a− a/2) = mga
2

KE gain: 1
2mv2 = mga

2

v =
√

ga
2

(2 marks)
(d) i) Total: 3 marks

d) ii) Using Pythagoras, L2 = L2
2 −

(
L1

2

)2
, which gives the length of the pendulum.
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Figure 9: 2.d.i

(1 mark)

At higher temperatures we want the length L to remain constant, so:

L2 = [L2(1 + β∆T )]
2 − 1

4 [L1(1 + α∆T )]
2

(1 mark)

Now expand to O(∆T ) and equate to the initial length:

L2
2 −

L2
1

4 = L2
2[1 + 2β∆T ]− L2

1

4 [1 + α∆T ]

L2
2β∆T =

L2
1

4 α∆T
L2

L1
= 1

2

√
α
β

(1 mark)
(d) ii) Total: 3 marks

d) iii) i) Taking moments about A and resolving the forces vertically:

Figure 10: 2.d.iii
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Moments: Fx = mgRl
Forces: F = mgL +mgR

(1 mark)

(mgR +mgL)x = mgRl
x = gR

gR+gL
l = 1.1

2.1 l

∆ = 1.1
2.1 l −

1
2 l =

l
42 = 0.024l

(1 mark)
(d) iii) i) Total: 2 marks

d) iii) ii)

g(x) = gL + gR−gL
l x = g

10

(
x
l + 10

)
(1 mark)

Moments about A: mg′x+mgRl =
l
2 (mgL +mg′ +mgR)

g′

g x+ 1.1l = 0.5l(1 + g′

g + 1.1)

Substituting g′

g = 0.1x
l + 1.1

0.1
(
x
l

)2
+ x

l + 1.1 = 1.05 + 0.05x
l + 0.5

(1 mark)

Let δ = x
l :

δ2 + 10δ + 11 = 10.5 + 0.5δ + 5
δ2 + 9.5δ − 4.5 = 0

δ = 0.452
x = 0.452l

(1 mark)
(d) iii) i) Total: 3 marks

Question 2 Total: 25

2.2 Question 3

a) i) Path difference = 2a sin θ

(1 mark)

a) ii)

nλ = 2a sin θ
λ = 2a

n sin θ

(1 mark)
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Figure 11: 3.a.i

a) iii)

λ = 2× 0.31× 10−9 × sin 15◦

= 1.605× 10−10m = 1.6× 10−10m

(1 mark)

a) iv)

Figure 12: 3.a.iv

p = h
λ = 4.1× 10−22kgms−1

∆p = 2p sin θ = 2.1× 10−22kgms−1

The direction of the change in momentum must be included on the diagram.

(1 mark)
(a) Total: 5 marks

b) Diagram with h, θ and x labelled:

(1 mark)

tan 2θ = h
x = sin 2θ

cos 2θ = 2 sin θ cos θ
1−2 sin2 θ

x
h = 1√

1−s2

(
1
2s − s

)
Using the substitution s = sin θ = λ

2a , for n = 1:
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Figure 13: 3.b

x
h = λ

2a

2a2

λ2 −1√
1− λ2

4a2

Neglecting terms O(λ
2

a2 ), we get x
h ≈ λ

2a

(2 marks)
(b) Total: 3 marks

c) i)

• Radial lines

• Arrows pointing outwards

Figure 14: 3.c.i

(1 mark)

c) ii) For a radial field between two hemispheres, Vin = kQin

Rin
. There is the same charge on both

hemispheres, so ∆V = kQ
(

1
Rin

− 1
Rout

)
.

(1 mark)
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c) iii) At R = 0.5(R1 +R2):

E = 4kQ
(Rin+Rout)2

(1 mark)

Now eliminating kQ:

∆V = E
4 (Rin +Rout)

2
[

1
Rin

− 1
Rout

]
The centripetal force gives us:

eE = 2mv2

(Rin+Rout)

and
E0 = mv2

2 = eE(Rin+Rout)
4

(2 marks)

Hence:

∆V = E0

e (Rin +Rout)
[

1
Rin

− 1
Rout

]
= E0

e (Rin +Rout)
(Rout−Rin)
RinRout

]

= E0

e
R2

out−R2
in

RinRout

= E0

e

[
Rout

Rin
− Rin

Rout

]
Any of the expressions gets the mark.

(1 mark)

c) iv) Substituting in Rout−Rin = 10mm,Rout+Rin = 100mm and E0 = 5eV, we get ∆V = 2.02V.
(Allow 1.01V for ecf)

(1 mark)
(c) Total: 7 marks

d) i) Photon energy is 13.6eV.

(1 mark)

(1 mark)

d) ii)

E = hf = hc
λ

λ = 6.63×10−34×3×108

13.6×1.6×10−19 = 91.4nm
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Figure 15: 3.d.ii

This is a UV (X-Ray allowed) wavelength.

(1 mark)

d) iii)

n = vi
vr

=
√

KEi

KEr

n =
√

8.6
5.0 = 1.3

(2 marks)
(d) Total: 5 marks

e) The path in air is l, so the optical path is µl, so the extra length introduced compared tp air is
l(µ−1). For a change from destructive to constructive interference we need a path difference change
of λ/2:

µ− 1 = λ
2l

µ = λ
2l + 1

1 + 0.00029 P
105 = 640×10−9

2×0.08 + 1

P = 1.4× 10−3W

(2 marks)
(e) Total: 2 marks

f) i)
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Figure 16: 3.f.i

cos θ1 = a
BC

Path length BCD = 2a
cos θ1

OR
Optical Path length BCD = 2µ1a

cos θ1

(1 mark)

f) ii) Layer 2 introduces no extra path different. At the top, the optival parth difference is
µ1FE sin θ1:

FE = BD
BD = 2a tan θ1 ∴ the top layer optical p.d. is 2µ1a tan θ1 sin θ1

(1 mark)

Finally, the optical path difference between G and H is:

µ12a
cos θ1

− 2µ1a tan θ1 sin θ1

= 2aµ1

(
1

cos θ1
− sin2 θ1

cos θ1

)
= 2aµ1 cos θ1

(1 marks)
(f) Total: 3 marks Question 3 Total: 25

2.3 Question 4

a) i) Energy given to Xe-131 = 1800eV = 2.88×16J.
Mass of Xe-131: mion = 131× 1.67× 10−27 = 2.19× 1025kg
(Either for first mark)

(1 mark)

vion =
√

2KE
mion

v = 51.3kms−1

(1 mark)
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a) ii) Rate of mass loss: ∆m
∆t = Imion

e = 4.81× 10−6kgs−1

(1 mark)

Thrust: F = ∆p
∆t = ∆m

∆t vion = 0.247N.

(1 mark)

a) iii) Average acceleration: a = F
mprobe

= 0.247/600 = 4.12× 10−4ms−2

(1 mark)

Final speed: v = at = 10.9kms−1

(1 mark)
(a) Total: 6 marks

b)i)

T = 11h55min = 11.92h = 42900s
Using Keplers 3rd Law: Msys =

4π2r3

GT 2 = 5.56× 1011kg

(1 mark)

b) ii) Assuming the same density:

MDimo =
(
164
780

)3 ×Msys = 5.15× 109kg
MDidy = Msys −MDimo = 5.51× 1011kg

(2 marks)
(b) Total: 3 marks

c) i) Before the collision we are in the rest frame of Dimorphos, so pDimo,orig = 0. pprobe =
570× 6140 = 3.5× 106kgms−1

(1 mark)

Conserving momentum after the collision, pDimo,new = 3.5× 106kgms−1

(1 mark)

∆v = vnew =
pDimo,new

MDimo
= 0.680mms−1

(1 mark)

c) ii) Assuming a circular orbit:

Etot = GPE +KE = −GMDimoMDidy

2r

(1 mark)
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Before the collision:

vorig =
√

GMDidy

r = 0.174938ms−1

(1 mark)

After the collision:

vnew = vorig −∆v = 0.174258ms−1

(1 mark)

Etot,new = −GMDimoMDidy

r + 1
2MDimov

2
new

= −7.94× 107J

(1 mark)

rnew = −GMDimoMDidy

2Etot,new

= 1190.8m

(1 mark)

∴ ∆r = 1200− 1190.8 = 9.2m

(1 mark)

Tnew =
√

4π2r3new
GMsys

= 42405s

∴ ∆T = 495s = 8.24min

(1 mark)
(c) Total: 10 marks

d)

Treal = 42900− 32× 60 = 40980s

rreal =
3

√
GMsysT 2

real

4π2 = 1163.9m

(1 mark)

Etot,real = −GMDimoMDidy

2rreal
= −8.13× 107J

(1 mark)

KEreal = Etot,real +
GMDimoMDidy

2r = 7.63× 107J

(1 mark)

vreal =
√

2KEreal

MDimo
= 0.172205ms−1
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(1 mark)

∴ ∆vreal = vorig − vreal = 2.733mms−1

(1 mark)

β = ∆vreal
∆v = 4.02

(Using MDidy instead of Msys in the first step leads to β = 4.44)

(1 mark)
(d) Total: 6 marks Question 4 Total: 25 marks

2.4 Question 5

a) i)

λpeak ∝ 1
T

∴ Tsunλsun = Tstarλstar

∴ λstar =
5780×500

35800 = 80.7nm

(1 mark)

Eγ = hc
λ = 2.46× 10−18J = 15.84eV

Eγ > 13.6eV

Therefore the radiation is ionising.

(1 mark)

a) ii)

N = L
Eγ

= 1.47×105×3.85×1026

2.46×10−18 = 2.30× 1049photon s−1

(1 mark)

rs =
(

3N
4πα

) 1
3 n

− 2
3

H

rs = 2.61× 1016m = 2.8ly (Must be in ly)

(1 mark)

Either one of two stars accepted
(The diameter of the one in the centre would eventually photoevapourate the whole column, al-
though if they are at the ends then you might need two)

(1 mark)
(a) Total: 5 marks

b)

prad = L
4πr2c = 1.47×105×3.85×1026

4π×(2.61×1016)2×3×108 = 2.21× 10−11Pa
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(1 mark)

Mcollapse =
1.81k2

BT 2
neb

p
1
2
0 G

3
2 m2

H

= 1.18×(1.38×10−23)2×502

(2.21×10−11)
1
2 ×(6.67×10−11)

3
2 ×(1.67×10−27)2

= 7.86× 1031kg = 40Msun

(1 mark)
(b) Total: 2 marks

c) i)

m̄
mH

= 2
1+3X+0.5Y = 2

1+3×0.35+0.5×0.65 = 0.84

∴ m̄ = 0.84mH = 1.41× 10−27kg

(1 mark)

pgas =
ρckBTC

m̄ = 1.53×105×1.38×10−23×1.57×107

1.41×10−27 = 2.357× 1013Pa

(1 mark)

prad = 4σ
3c T

4
c = 4×5.67×10−8

3×3×108 × (1.57× 107)4 = 1.531× 1013Pa

(1 mark)

∴ ptot = pgas + prad = 2.359× 1016Pa

(1 mark)

c) ii) prad/ptot = 0.065%

(1 mark)

Radiation pressure is an insignificant contribution to the outward pressure in a star.

(1 mark)

(In most massive stars where the temperature and density are much higher then radiation pressure
is very important and ultimately becomes strong enough to prevent stars above a certain mass limit
from forming)
c) iii)

For a constant density ρ(r) = ρ and M(r) = 4
3πr

3ρ:

∴ pgrav =
∫ Rstar

0
drGM(r)ρ(r)

r2 =
∫ Rstar

0
drG×frac43πr3ρ2

r2

=
∫ Rstar

0
dr 4

3Gπrρ2 = 2
3πGρ2R2

star

(1 mark)

For the white dwarf:
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ρav = Msun
4
3πR

3
Earth

= 3×1.99×1030

4π×(6.37×106)3 = 1.84× 109kgm−3

(1 mark)

pgrav = 2π
3 × 6.67× 10−11 × (1.84× 109)2 × (6.37× 106)2 = 1.19× 1022Pa

(1 mark)

This is 812000ptot. (Allow ≈ 106ptot).

(1 mark)

(This huge gravitational pressure is balanced by an outward electron degeneracy pressure (a quantum
mechanical effect) to keep the white dwarf stable.)

(c) Total: 10 marks

d) i)

Etot = V × 4σ
c T 4

mean = 4
3πR

3
sun × 4σ

c T 4
mean

= 4
3π × (6.96× 108)3 × 4×5.67×10−8

3×108 × (4.73× 106)4 = 5.34× 1038J

(1 mark)

t = Etot

Lsun
= 5.34×1038

3.85×1025 = 1.39× 1012s
= 44000 years (must be in years)

(1 mark)

d) ii) Assuming that the photon travels at c between absorption and emission:

t = N × tstep and tstep = l
c

∴ N = ct
l

But RSun = l
√
N

∴ R2
Sun = l2N = l2 ct

l = lct

∴ l =
R2

Sun

ct = (6.96×108)2

3×108×1.39×1012 = 1.16mm

(1 mark)

N =
R2

Sun

l2 = (6.96×108)2

(1.16×10−3)2 = 3.58× 1023

(1 mark)

(A more careful calculation by Mitalas & Sills (1992) using a computer model that took into account
the varying step length due to varying density found the diffusion time to be 170,000 years and the
average step length to be 0.90 mm – not very far off these simple estimates.)

(d) Total: 4 marks

e) The nuclear fusion energy associated with each neutrino:
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Ev = 13.1× 106 × 1.6× 10−19 = 2.1× 10−12J

Using the given solar luminosity, the number of reactions happening in the Sun every second is:

Nreact =
0.92LSun

EV
= 0.92×3.85×1026

2.1×10−12 = 1.69× 1038s−1

(1 mark)

Expected flux:

Φ = Nreact

4πr2 = 1.69×1038

4π×(1.50×1011)2 = 5.98× 1014m−2s−1 = 5.98× 1010cm−2s−1

(1 mark)

The expected flux is within the experimental uncertainty on the measured flux.

(1 mark)

This means the Sun has been in thermodynamic equilibrium over the last 105 years.

(1 mark)

(OR “the energy production rate has not measurably changed over the last 105 years” for final mark)
(The measured flux in the Borexino experiment takes into account the neutrino oscillations between
the three types of neutrino, otherwise the measured flux would be as low as a third of the expected
one.)

(e) Total: 4 marks
Question 5 Total: 25
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