Answers to problems

(Unless otherwise stated, the mass of a nucleus of mass number A4 is
approximated as 4 amu.)

Chapter 1
1.1 Ratio = GmZ(4mey/e®) =2.4 x 1074,
1.2(6) (i) +1, (i) —1, (i) —1.

1.3(a) Wavelength
A =2nc/w = 2n(he)/(hw) = 27(197 MeV fm)/(1 MeV) = 1240 fm.

Chapter 2

2.1 Group velocity = dw/dk = ¢*kjw = * hk/ hw = *p/E.
For a particle of velocity v, E = ymc2 and p = ymo.
Hence group velocity = particle velocity.

2.2 From equation (2.8) the electrostatic energy is of order of magnitude
¢ J4megag.
From equation (2.13) and after, the weak interaction energy is of order
of magnitude &y ' (h/M,c)*é?/aq.
Ratio = 4n(h/agM4c)* ~ 1071,

2.3 By momentum conservation the momenta of the two photons must be
equal in magnitude (and opposite in direction). They will therefore have
equal energy.

2.4 There is a frame of reference (the centre-of-mass frame) in which the
total momentum of the eTe™ pair is zero. The photon would therefore

246

Downloaded from https://www.cambridge.org/core. UNIVERSIDAD AUTONOMA METROPOLITANA, on 15 Nov 2026 at 12:35:48, subject to the
Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/CB0O9781139164405.024


https://www.cambridge.org/core/terms
https://doi.org/10.1017/CBO9781139164405.024
https://www.cambridge.org/core

Chapter 3 247

have zero momentum and hence zero energy: energy conservation would
be violated.

2.5 Since E =1 MeV is much less than the rest energy of the muon
we may use non-relativistic mechanics, and the velocity
v=cyQE/m, ) =41x10"ms™". In time 7, the muon travels
v, =90 m.

2.6(a) Not allowed. Such a process need not violate the conservation laws of
energy, momentum, angular momentum or electric charge, but it would
violate the conservation laws of electron number and muon number.
Although searched for, this decay has never been seen. (b) and (c¢) can
occur.

2.8 Consider a point charge e at position R; then

e r—R
E) = .
®) 4reg v — R|?
Under reflection in the origin, r —r'= —r, R - R’ = —R and
/_ R/
Er)=-"" —E®).

47T80 Ir/ _ R/|3 =
The magnetic field due to a current 7 in a loop is

_L()I/de(r—R)

B(r) =
=" r_R[

Under reflection the vector product does not change sign. Hence
B'(r') = +B(r); B(r) is an axial vector field.

2.9 The reduced masses are
m,mq/(m, +mg) = 100.025 MeV for d—u system,
m,m/(m, +m;) = 101.829 MeV for t—u system.

The difference in binding energies is

1
3 (Am)A(e? JAmey he)* = 48 V.

Chapter 3

3.1 The nucleon magnetic dipole moments are vectors aligned with the
nucleon spin. In the deuteron the spins are parallel and the moments
add to give a net magnitude p, + p, = (2.79284 — 1.91304)e h/2m, =
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0.8798e hi/2my, (from equation (3.2)).
The measured magnitude is

g = 0.8574¢ h/2my = (1 — 0.026)(1p + J1y)-

The discrepancy (0.026) could be due to a contribution to the magnetic
moment from the orbital motion of the nucleons, associated with the
small d-wave component of the deuteron wave-function. (Appendix C,
§C.4.)

3.2(a) The magnetic field at distance r from dipole (1) is
(Mo [ LA W LAY A 3(pey - 0)r
el () < 1)t B,

The energy of dipole (2) at r in this field is

2
Ko\ H
— oy - B= —<E)FTQT.

3.3 Subtracting 1 MeV from the rest energies of the charged particles gives

(udd) 940, (uud) 937; 3 MeV for the extra d quark;
(dds) 1196, (uds) 1192, (uus) 1188; 4 MeV for the extra d quark;
(ds) 498, (us) 493; 5 MeV for the extra d quark.

Interchanging a d quark for a u quark always increases the rest energy,
in this sample by an average of 4 MeV.

3.4(a) Not allowed. Does not conserve electric charge.
(b) Not allowed. Does not conserve baryon number or electron number.
(¢) Not allowed. Does not conserve baryon number.
(d) Allowed.

35 B 5 K +32° Strong. Does not require the weak or the electro-
magnetic interaction.

205 A4y Electromagnetic.

A’ > p+e +7, Involves an anti-neutrino, therefore weak.

K > +7° An s quark changes to a d quark, therefore weak.
s y+y Electromagnetic (Fig. 3.6).

T = u 4y, Weak (cf. Fig. 3.5).

uw —>e +v.+v, Weak (Fig. 2.2).

Chapter 4
4.2(a) Since q = k; — k;, where k; and k; are the initial and final wave vectors,

¢ = I} + I — 2k¢k; cos 6.
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Neglecting the electron mass, k; = p;/ h = E/ hc, and in scattering from
a fixed target there is no energy loss. Hence k; = k; = E/ hc and

¢ =2E*(1 —cosO)/ h*c*,  q = (QE/ he)sin(6/2).

4.3 By the uncertainty principle, the mean magnitude of the lepton momen-
tum p ~ h/a. But p=muv, so that (v/c) ~ h/amc = ¢ [4mey he = ﬁ
The characteristic time ¢=a/v=137a/c=12x10""s, and

(/1) ~2 x 107,

4.4(b) This follows from perturbation theory in quantum mechanics. Since the
integral is over nuclear dimensions r < R, it is reasonable to approxi-
mate ¥(r) by ¥(0) = 7 *(Z/a)’, which with Problem 4.4(a) gives the
result.

4.5 The total binding energy of two a-particles is 56.60 MeV, 0.1 MeV
greater than the binding energy of ﬁBe. ﬁBe decays to two a-particles
and to conserve energy the 0.1 MeV of nuclear energy is converted into
the kinetic energy of their motion. '2C is more strongly bound than three
a-particles by 7.26 MeV. The binding energy of $Li is 31.99 MeV,
1.47 MeV greater than the total binding energy of H and 3He.
Energy is conserved overall, and the nuclear energy released is taken
by the y-ray and the kinetic energy of the §Li.

4.6 Treating 4 as a continuous variable, the maximum 1is where
d(B/A)/dA =0, i.e. at

A b
Z=Z===25
2 d >

The nearest integer is Z = 26, which gives the maximum of (B/A4).

4.7 For A = 100, the formula gives Z = 43. 'gch is an odd—odd nucleus and
unstable. Both '$Mo and '}3Ru are stable. For 4 = 200, the formula
gives Z = 80, and 2JHg is stable.

4.8 Suppose the sample contains N '*C nuclei. Then the mean number of
decays per second is N/t = 15.3/60 s™', and hence N = 6.7 x 10'°. The
atomic mass of natural carbon is 12.01 amu = 2 x 1072* g. Therefore
1 g of carbon contains 5 x 10°* atoms, and the proportion of *C in the
sample is 1.3 x 10712,

Assuming (i) that the proportion of C in the atmosphere remains
constant, (ii) that the hut had been built from new timber, and (iii) that
the carbon in the timber had all been bound in at the time of its growth,
the average number of decays per minute would be reduced by a factor
e/, where 7 is the mean life of '*C and ¢ the age of the specimen. Thus
the expected rate would be 9.4 decays per minute. Conversely, an aver-
age of 9.4 decays per minute would suggest an age of 4000 years.
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In practice, carbon dating is far more complicated than this problem
suggests. In the past there have been small variations in the proportion
of 'C in the atmosphere, as appears when radiocarbon dating can be
calibrated against dating obtained by other methods, such as dendro-
chronology (counting tree rings). These variations can lead to ambigu-
ities in the inversion of the calibration curve.

49 The number of atoms of ¥Se in the sample is
N =(0.97 x 14 2)/(82 x 1.66 x 1072* g) ~ 1.00 x 10%. If 7 is the mean
life, in a time ¢ <« t there will be N/t decays, giving

T = Nt/(number of events)
= 10" x 7960 hr/(35/0.062)
=1.6x10% yr.

(The condition 7 < 7 is well satisfied!)

4.10 In the absence of neutrinos to share the energy released in the decay, the
sum of the energies of the two electrons emitted would be sharply peaked
at the decay energy. (The recoil energy of the nucleus would be small.)

4.11 As a rough rule, for 4 odd there is only one g-stable nucleus and for 4
even, two. Up to and including 4 = 209 there are 105 odd-A4 nuclei and
104 even-A nuclei, and so about 310 B-stable nuclei. All these have
Z < 83 which implies an average of about 3.7 stable isotopes per ele-
ment.

Chapter 5
5.2(a) From equations (5.4) and (5.5), for neutrons with kinetic energy E,
N(E) = N(EJEF).
The density of states is n(E) = dN/dE = %NEi(EE)%.
Hence the total neutron kinetic energy is

/ En(E)dE = gNEE.
0

A similar result holds for the protons, noting that proton kinetic energies
are given by (£, — U).

(b) Again consider the neutrons; since E\ is proportional to N* we can write
EL = EJ(N/No) = ES (1 + AN/Ny)i.

The result follows on expansion.
Similarly £} — U = Ej (1 — AN/Ny)'.
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(¢) INEF =3N,EE(1+ AN/No)

5/AN\ 5 (AN\?
~AINEN[1+2(Z2)+2 (22 ).
sVobo \ 13 ) Tl

Adding the proton kinetic energy, one obtains the total kinetic energy

N — Z)?
%EOFA—i—%EOFi( v r
-1
_ (Z-1é (4R’ /R (3 7
. L= 4 - d
33 U=k \ 73 , T\ TR )Y
_6(Z-1)e

= ~21.5MeV  for’§3Pb.

5.4 Since Z = N, the energy due to the strong nucleon—nucleon interaction
should be the same for a neutron as for a proton in a similar state; thus
U should be given by the Coulomb contribution, U, of Problem 5.3(a).
This yields U = 8.7 MeV. The separation energy is the binding energy at
the Fermi level. Assuming Elf ~EF 4+ U, it follows that
S, =(15.6 — 8.7) MeV.

5.5 In the simple shell model, }}P has an odd proton; Table 5.1 suggests this
is in the 2s; shell, giving nuclear spin and parity jf= {r.

%Zn has an odd neutron. Suggested shell fg;jp = %7.
115In has an odd proton. Suggested shell lg_%;jp =7

These suggestions are all in agreement with experiment.

5.6 The spins and parities of all but %gAl are in accord with pairing and shell
filling as in Table 5.1. Al is odd—odd; the model suggests the odd
neutron and proton both to be in §+ states. Such a configuration
would have the measured parity of 35Al; and the measured spin of 5
suggests that the spins are paired parallel.

For the magnetic moments, equation (5.26) gives:

ggCa, odd neutron, [=3, j= l—l—%; w=-192 uyn
2iNb, odd proton, /=4, j=I+1; =680y
137Ba, odd neutron, /=2, j=1I— i w=115puy

BTAu, odd proton, /=2, j=I1-1; uw=0.12px.

%Al The fact that the two angular momenta appear to be aligned
suggests that we can simply add the Schmidt values to obtain the esti-
mate u = 2.9 uy.

5.7 For a proton, j =%, u = 2.80 ux.
For 3iCa, j =1, u = —1.32 py.
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Taking the nuclear magneton wy = 3.15 x 1074 MeV T~! and using
equation (5.21) gives

v=w/2mr =43 MHz for protons,
v=w/2r =29 MHz for $Ca.

5.8 The volume of the ellipsoid is (47r/3)a*h and hence the charge density is
3Ze/And’b.

0.. 4na2b///(22 —x? —y)dxdydz

where the integral is through the ellipsoid
Make a change of scale: x = ax’,y = ay’, z = bz’; then

3z / / /
= E/f bz —dPx? —d*y Hdx' dy’ dz’,

where the integral is now through the unit sphere. Also

, 11, , 4

///xzdx/dy/dz/ :f/ r 242 dr’ :1, etc.,
3o 15

giving

2Z
Q..="F (' ~a).

5

Taking the density of nuclear matter to be py = 0.17 nucleons fm~> and

47 2
ab
3 Po =

these equations lead to b = 7.7 fm, a = 5.6 fm.

Chapter 6
6.1 Q=009 MeV, r,~2x4 x1.1fm = 3.5fm,

ro = 4¢% /4megQ = 61 fm.
ry/r. = 0.057 and Fig. 6.3 or equation (6.16) gives ¥ = 0.70.

The reduced mass is m,/2. Hence G = 13.

Taking 7y ~ 7 x 107 s, as in other a-decays, leads to the estimate
1=3x 107" 5, though this excellent agreement is fortuitous.

6.2(a) To apply equations (6.2) and (6.15) to a positron, 2Z4 — Z4 and m
becomes the positron mass.
Thus r. = 112 fm. Values of r, between r, =0 and r, = 114} fm =
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6.37 fm are reasonable, giving ¥ =1, 0.70; G=1.81, 1.27, and a suppres-
sion factor e ¢ in the range 0.16 to 0.28.

) 9=18Mev, r.,=123fm, ri~8.1fm, ¥ = 0.68, G=154,
which with 7, =7 x 1073s gives a partial mean life for a-decay
Ty ~ 10% years.

(Age of Solar System ~ 10° years.)

6.3 In a-decay in material, the kinetic energy is largely converted into heat
and N atoms of **Pu would on average produce N(5.49 MeV)/t of
power.

For 1 kW = 6.24 x 10> MeV s™! we need N = 4.6 x 10**, or 1.8 kg of
238py,

The decay rate of the by-product **U is so low that the heat from its
decay is negligible.

For the remaining mass of plutonium to be 1.8 kg after 50 years requires
2.7 kg initially.

6.4 Suppose that when the sample of rock was formed, say T years ago, it
contained no lead but N; atoms of 2**U (mean life 7,) and N, atoms of
25U (mean life 7,). Then it would now contain Nye~7/™ atoms of 25U
and, since each decayed uranium atom becomes a lead atom,
Ni(1 —e~T/my atoms of 2°°Pb. Setting (1 —e~7/™)/e™ 7/ = 0.0797 sug-
gests T =497 x 10° years. Similarly for U and 2*’Pb,
(1 —eT)e7T/% = 0.675 suggests T = 531 x 10° years. (The discre-
pancy could be due to the effect of water on the rock, for example.)

6.5 Neglecting the excitation energy, the kinetic energy of the fragments can
be estimated using equation (6.18), which gives AB = 178 MeV. Each
fragment would then have velocity 12 x 10° m s™'. In the frame in which
the fragment is at rest, a 2 MeV neutron has velocity 20 x 10 m s~ In
the laboratory frame, the distribution of emitted neutrons is peaked in
the direction of the moving fragment.

Chapter 7

7.3(a) E; + E, = Er+ (excitation energy) + ('7O* recoil energy).
Hence the recoil energy is 0.26 MeV and the recoil velocity is
v/c = 5.7 x 1073 (approximating the mass of ’O* by 17 amu).

(b) If the photon has energy E, it has momentum E, /¢, and to conserve
momentum this must be the recoil momentum of the '’O. Hence the 'O
recoil energy Ey is Fr = (Ey/c)z/(34 amu).

To conserve energy, E, + Eg = 0.87 MeV.

We could solve these equations for E,, but clearly Eg is small, and to
two significant figures it is sufficient to take E, = 0.87 MeV in the first
equation to give Er =24 eV.
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(¢) The photon energy will be a maximum if it is emitted parallel to the
motion of the '"O* By a Lorentz transformation to the laboratory
frame

El/ab =(1+v/0E,/(1 - U2/C2)%

and hence Ely'“lb —E, =5keV.
Similarly the photon energy will be a minimum if it is emitted anti-
parallel, in which case Eif‘b —E, =-5keV.

7.4 '1C is less bound than !B by 2.762 MeV. The difference of Coulomb

energies of uniformly charged spheres of net charge 6e and 5e and radius
R=1.1x 115 fmis

3 e
S4meyR

(6% — 5%) = 4 MeV.

This is a 50% over-estimate of the observed energy difference, and we
would need to take Rc = 1.45 R to obtain agreement. The approxima-
tion of a uniform charge distribution is inadequate for precise calcula-
tions, especially for light nuclei. In reality some charge is displaced to
larger distances (see Fig. 4.3) thereby reducing the energy. Calculations
using the more realistic distributions are in better accord with the data.

7.5 The decay by neutron emission with a kinetic energy release of 0.41 MeV
need involve only the strong interaction. There is no Coulomb barrier,
and only a small angular momentum barrier: to conserve angular
momentum and parity the angular momentum of the '®°O-n pair must
be/=1.

The mean life is still quite long on the nuclear time scale of ~ 1072 s.
I' = hc/tc = 0.04 MeV.

7.6 The nuclear transition is { — %7, so the photon will have positive parity

and angular momentum quantum number 2 > j > 1. The most likely
transition is with j = 1, which would be magnetic dipole. The photon
energy is about 2.13 MeV. From Fig. 7.6, a rough estimate of the mean
life is ©~ 1077 x (IOO/A)% x 20435 ~4x 107 s. (The experimental
mean life is 5.2 x 107!% s.) An electric quadrupole transition with j = 2
is also possible, but Fig. 7.6 suggests its partial decay rate to be much
slower than the magnetic dipole rate.

7.7 The lowest six energy levels (comprising 26 states) all have positive
parity. l(5)B has three protons in the p; shell and three neutrons in the
p; shell. There are many combinations of the single nucleon p-states and
they all have positive parity, (—1)°. The lowest observed states can be
considered to be constructed from these.
The 1.74 MeV level can decay to the 0.72 MeV level by a magnetic
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dipole (07 — 1) transition with E, ~ 1.02 MeV. This level can in turn
decay to ground by an electric quadrupole (17 — 3%) transition with
E, ~0.72 MeV. Neglecting internal conversion the ratio of photons
emitted is clearly one-to-one.

The 1.74 MeV level can also decay directly to ground with
E, ~ 1.74 MeV but this (0" — 3") transition is magnetic octapole and
very slow. Using Fig. 7.6 the number of photons emitted with energies
1.02 MeV, 0.72 MeV and 1.74 MeV should be in proportion 1:1:107%.

Chapter 8

8.2 A neutron with kinetic energy 0.1 eV has v/c = 1.46 x 10> giving
0 =2670b, / ~ 1.56 cm. The probability of a neutron penetrating a
distance x into the gas without interaction is e *//. For this probability
to be 0.1, we require x = 3.6 cm. The active region of the detector
should be at least of this thickness.

83(a) = h/T = he/Te=13x10"s.

(b) In this example the elastic width equals the total width to a good approx-
imation, since there is not enough energy to induce other nuclear reac-
tions. The spin of the neutron is s :% and the spin of 3H is 5, = 0.
Hence the statistical factor in the Breit-Wigner formula is
2/ +1)/(2s7 + 1)(2s5 + 1) = 2, and the cross-section at energy E is

27 r

B = Gy

(equation (D.11)).

At energy E = E,, o = 8n/k* = 4w h*/mE,, where m is the reduced
mass. Hence o &~ 3.2 b.

8.4 The coefficient of the (1/v) term is large if the incident neutron can easily
induce a nuclear reaction (as in the case of *>U fission), or if there is an
excited state close to zero incident neutron energy. Neither of these
conditions is apparently satisfied in the case of **U. However, one
would expect to see a small (1/v) contribution at even lower neutron
energies due for example to residual radiative capture.

8.5 The total width I' is given approximately by I' = I'), + I',, and the rela-
tive probability of neutron radiative capture is

T,/T=1/(1+T,/T,).

In this application of the Breit—-Wigner formula the neutron spin s, :%
and the spin of the even—even nucleus >**U is s, = 0. Also j = % Hence at
resonance
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4 T,T,
0,=——",
v k2 (Fn + Fy)z
where k% = 2mEy/ .
From Fig. 8.5, £y = 6.7 ¢V and 0, =2 x 10* b. Hence
r,r, /T,

o= 5= 0.052.
Ta+1)° (1+To/Ty)

Since we are told that T',/I', is small, we take the solution
I',/T, = 0.058. Hence capture is 95% probable.

Chapter 9

9.1 The molecules CH, 4+ 20, have a mass ~ 80 amu and release 9 eV in
chemical reaction, i.e. 0.11 eV per amu. >**U has a mass ~ 235 amu and
releases about 200 x 10° eV on fission (Table 9.1 and discussion), giving
0.85 x 10° eV per amu.

Ratio ~ 8 x 10°.

9.3 S, =B(N,Z)— BN —1,Z). The quoted difference comes from the
pairing energy terms. All other terms in the mass formula give contribu-
tions to S, which for a heavy nucleus vary only slowly with A.

9.4 The probability of the neutron inducing fission at the nth collision is

p(t=py".
By definition the mean number of collisions is

= l—p) =—p—>» (1-p.
g an( ») o ;( »)
Summing the geometric series

d 1
i=—p L= (=pI =

9.5(a) If v is the neutron velocity in the laboratory frame, its velocity in the
centre-of-mass frame is

myv My
M+m, M+m,’

v

In the centre-of-mass frame it loses no energy on scattering, but suppose
it is deflected through an angle 6. In the laboratory frame it will then
have a component of velocity v(m, + M cos6)/(M + m,) in the original
direction and a perpendicular component Mwvsin /(M + m,,). The result
follows on averaging over all angles 6.
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(b) On average, after N collisions a neutron with initial energy E, will have
energy Ey = o Ey, where

M2 2
o= M _ g6,
(M + m,)

For Ey, =2 MeV, Ey =0.1 eV, the number of collisions required is
N ~ 110.

The mean time between collisions for a neutron of energy E is
At = 1/opv = 1/ops/(2E/m,), and it loses energy AE = (1 — a)E.
Approximating the mean rate of change of energy by

dE _ AE

1.3
Vil —(1 —aw)op(2/m,)E?

gives the time to ‘cool’ to Ey = 0.1 eV:
1

time = ! macty [ e, Lnncz i— 8 x 1075
" (1 —a)ope 2 M, B2 (I—wopc\ Ey | ’

9.6 From the text / =3 cm, //v = 1.5 x 10_93, v=25and t, =9 x 10~ s.
Substituting the form p(r, 1) = f(r)e* into the equation yields

v=1) D&

M(r) = S0+ 42 00,

Ip
which has solutions of the form f(r) = (1/r) sin(kr) provided
-1

I

A= — DI,

To satisfy the boundary condition,

k(R+0.71)=nmr, n=1,2,...

To avoid an exponential increase in density A < 0 for all » and therefore

1
p D7T2,

2
(R+071) < 2

ie.

R< n\/tpi” — 0711
= 3(v— 1) I

and the critical radius in this approximation is 8.8 cm.

9.7(a) Suppose that the probability of a neutron induced fission to result in a
fragment which produces a delayed neutron is vy, and that the number
of such fragments at any time is N(z), then
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dn _ _N(f) qva

dt o Tﬁ p ([)

This equation has the solution
!
N(p) = % / e~ dr'
ly Jooo
Including delayed neutrons in equation (9.1) gives
dn  (vg—1) N (t)

Q- I n(t) +— %

which is the equation quoted.

(vg—1) vaq
t (1 + Atp)

b) »=

or
(A1p)’ + (tp)ll — (vg — Drg/ 1] = (2p/ 1)+ va)g — 1] =0

(¢) Clearly A = (vg —1)/t, = 1 s when vy = 0.

(d) Substituting the given values in the quadratic equation gives
(A14)* + 781(A14) — 10 = 0.
The positive solution for (A7) corresponds to an exponentially increas-

ing n(t), with time scale 1/A = 13 min.

9.8(a) Take the energy release per fission to be (178 + 15) MeV (Table 9.1).
The number of fissions in time d¢’ is then Pd¢'/(193 MeV). For steady
power output, the rate of release of ionising energy at time ¢ after shut-
down at time ¢ = 0 is, from equation (9.2),

dE s \'? 1
@ 2.66 df' MeV s~
d (193 MeV) / ( z/> LMeVs

=0 071{(1:) (r LST)M}’

(b) 7.8 MW, 4.3 MW, 0.8 MW.

9.9 The mean free path / of a fission neutron is given by / = 1/p0,,.0, where

Puue 1 the number density of >*’Pu nuclei, and o is the total neutron
cross-section. If R, is the radius of the critical mass M at atmospheric
pressure,

Pnuc = (M/’/nnuc)/(“'n/s)Rg

Downloaded from https://www.cambridge.org/core. UNIVERSIDAD AUTONOMA METROPOLITANA, on 15 Nov 2026 at 12:35:48, subject to the
Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/CB0O9781139164405.024


https://www.cambridge.org/core/terms
https://doi.org/10.1017/CBO9781139164405.024
https://www.cambridge.org/core

Chapter 10 259

Hence if R, = K/, where K is a constant,

R. = (47/3)KR2myye /oM.

A mass m and its critical radius r, are related by a similar equation, so
that

()-G"

C

If r is the radius of m at atmospheric pressure,

(-G

Eliminating R.,
(9-6)"
r M

If m=08M, r./r=0.96.

Chapter 10

10.1(a) 6.5% 10" m=2s7".
() Neutrino mean free path / =1/0p,,. and pg,. < (1 A)_3 =10 m3.
Hence / ~ 10" km ~ 10'' Earth diameters.

10.2 Thermal velocities in the gaseous state of hydrogen exceed the escape
velocity in the Earth’s gravitational field. Only hydrogen that is chemi-
cally bound remains.

10.3 4.86 MeV.

104(a) p,=34x10" m™, e T=25x10"",

hpp = Tpp = 1.4 x 107 m? s—li -
The p—p reaction rate = %Apppp =81x10"m—~ s .
Each p—p reaction produces 13.1 MeV and hence the contribution to
e=170 Wm™.
() The p-'">C reaction rate = PpPchpes and hence the mean time for one

carbon nucleus to react is 1/ppApc & 10® years.

10.5(¢) The reaction rate per unit volume is pjov and each reaction reduces py
by one. Since this is the dominant reaction (Fig. 10.4)

doa _ _ o
dr a=m

(b) This equation can be integrated to give
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and hence the proportion ‘burned’ is

Po—Pd _ PolcOV
£d 1+ pgto0°

() 10°m™s.

Y atr—r 3 _(¢/4meg)
106((1) g—oatr—lo where ro—T.

(b) A Taylor expansion of V(r) about r = r( gives
1
V(r) &~ V(ry) + EMaﬂ(r — 1),
where Mo* = 3(62/47r80)/r8.

Classically a particle of mass M in this potential undergoes simple har-
monic motion about r = ry at angular frequency w.

(¢) The lowest quantum state in this potential has angular momentum
L =0 and energy

1
Ey = V(ry) + 5 ho.
Taking ry = 500 fm gives

w=1.66x10"s7" E, = 4.87 keV.

(d) Neglecting the Ki* term in the potential, we may estimate the tunnelling
probability to be exp[—G(E,)] where
T & [2Mc?

G(Ey) =——
( 0) hC47T80 EO

G(ry/re)

(see equation (6.15)).
Since ry ~ 3 fm and r, ~ 300 fm, G(r/r.) ~ 1 and G(E;) ~ 15.6.
Tunnelling probability = exp[—G(Ey)] = 1.68 x 107",

(e) In a semi-classical picture, the deuteron and triton approach each other
at intervals of 27/w = 3.8 x 1078 5.
The mean number of approaches 7 before tunnelling (and presumably
fusion) takes place is (cf. §2.3)

n = exp[G(E)].

The corresponding time is (27/w)i = 2.3 x 1071 s.
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Chapter 11

11.1 All states are occupied up to k = kg (equation (B.5)). Using equation
(B.4) the mean value of k is

k= [y 1 dk/ [ K dk = (3/4)kg.

For extreme relativistic electrons, E ~ pc = hck; hence the mean energy
is hek = (3/4) hekg.

11.3  The reaction is endothermic and requires an energy input of 0.78 MeV
= (. The reaction will proceed if e > Q. (At T =0 K the proton
Fermi energy is less than the electron Fermi energy EL by a factor
~ mg/my.) Using the non-relativistic formula ep = h2k2F/2me for a
rough estimate, and equation (B.5), the number density of electrons p,
must satisfy

3
20\’
> 1 (2’"5‘ Q) =3 %107 fm~>.

Pe Z 37_[2 (hC)Z

The corresponding hydrogen density is ~ 5 x 10° kg m~>.
11.4 At low temperature, only particles at the top of the Fermi distributions
can take part in the reactions

n—p+e +v, p+e” = n+v..
In thermal equilibrium
er(n) = eg(p) + £x(e),

where

2
ep(n) ~ mnc2 +

h2
s, ke ep(p) & mpc + 5 ke (p)’,
my 2m,

and ep(e) ~ hckg(e), since we expect the electrons to be highly relativ-
istic.

For electrical neutrality, the number density of electrons must equal
the number density of protons. Hence

ke(©) = k() = 370y, kp(n)’ =370,

The equilibrium condition becomes

)2 32
(hc)2[3nzpn]z/3 —m (hc)2[3n2pp]2/3 + 3 p,] .

2
myc” +
B 2my ¢ P 2myc
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Taking p, =0.17 nucleons fm™ and solving for pp gives
pp = pe =8.44 x 107* fm ™, and p,/p, = 5.0 x 10"

11.5 If E> Ey=8MeV, kgT = 0.5 MeV, then E/kgT > 16. Hence

n~ . TPt Tapa L s Egky Te™ 5o/
7*(he)’ JE, 72 (he)

giving n ~ 5 x 103! m™.

11.6(a) From §10.3,

1 3
(AN me N [T —EkT 2
) [

where E = 1(m,/2)0", i.e.

S
S

1\ . ¢ ElksT
mykg T (E — Ep)" +17/4

<

Integrating over the narrow resonance peak gives the result.

(b) In the plasma, the rate of production of ®Be is %piw (equation (10.6)).
The rate of decay per unit volume is pg./7 = pp.I'/ h. In equilibrium
these rates are equal.

(¢) 23x1071°.

Chapter 12

12.1 jT% = 4760 s. For a free neutron fT% = 1015 s, from §12.8. In the simple
shell model the 1s neutron and proton spatial wave-functions would be
the same if Coulomb distortions were neglected, and the spin states
similar to those of a free neutron and free proton. Thus the predicted
fT% value would be the same. However, since Z = 15, Coulomb distor-
tions are not insignificant. Also shell model predictions for the Gamow—
Teller matrix elements, like those for the similar magnetic moment
matrix elements (§5.6), are not accurate.

12.2 Note there is no Coulomb factor in the matrix element.

E,=0.71MeV; o=33x10"2b.

12.3 '"'Be decay: |Rgy| = 0.7 fm, a nuclear size.
Atomic decay: |Rp| = 0.4 A, an atomic size.
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Chapter 13

13.1 Replacing Sy(E.) in equation (12.5) by (E, — Ee)QEg, the mean electron
energy is clearly Ey/2 by symmetry. The mean life is inversely propor-
tional to

1\’ rk - 1 ([ E, 5
f(Zyg, Eg) ~ 3 (Ey — EJE2AE, = — (%) .
mec 0 30 mec

The proportion of decays within AE of the end-point is

(Ey— EYE dE, ~ . —— <

> /Eo 1 E3AE?
Eo—AE S 3(mec?)’”

()
f(Z4, Ey) \mec?

Substituting for f, the result follows.

13.2 By momentum conservation

P2 = phi® =2 x 6536 MeV x (55.9 + 1.0) eV
= (0.7307 £0.0131) MeV?,

and by energy conservation

m2c* =[(0.862)* — 0.7307 £ 0.0131] MeV,

giving 0 <m,¢* < 160 keV.
13.3(e¢) From equation (A.4), [ = 1/(pyuc0)-
(b) Number of steps = (R/l)2.
Time for each step = //c.
Total time = R*/(lc).
13.4 Measuring kg7 in MeV,

_3x7 e

a, = s=16x10*MeV 7 s m™.
8 60( hc)’

Since [;° e "/*dt = 1, the total energy loss is

~ a,(kgTo)*47R*t = 3 x 10® MeV.
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Chapter 14
T/mpc2
141 Ry(T) =myc’ / du/F(u).
0 Ty /M
Ruf(T) = (M) / du/Fu)
’ Ty /M
= (M/zzmp)mpczf du/F(u)
0
= (M /22 my)Ry(m, Ty / M).

142 T =[MP)J1 —v* /)] — M

gives
2
1
v—z =1l-—-07, where u = T/Mcz.
c (14w

Taking a constant L, the integration is straightforward.

14.3 a-particle range ~ 20 pm; electron range ~ 1 cm, a much greater dis-
tance.
dv M dxdv_Mdv

d
144 —OMY) =Moo =M= M.

From equation (14.4), in the approximation L = L,

dv  constant dv constant
=——— and —=—7F—
dx v dr v

Hence
V0 ) o 3

(time to stop)/(range) = / v dv// v” dv = 4/3v,.
0 0

For the a-particle of question (13.3), time ~ 1.7 x 1072 .
14.5 The kinetic energy of ionising particles is 0.76 MeV. From the end of
§13.1, the number of ion pairs produced is

~ 0.7 MeV/35eV ~ 2 x 10*.

The proton will have the longest range. The proton energy is

(m/(my, +my) x 0.76 MeV = 0.57 MeV.

To estimate its range take I =24 eV (Problem 13.3) and estimate
L(~ 2.5), which gives a range ~ 0.5 cm.

14.6 From Fig. 13.4, at 50 keV the photon cross-section for lead is predomi-
nantly due to absorption and the linear attenuation coefficient
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wa932cm™.
For the thickness x to be such that e ™ =107, we require
x =0.76 mm.

Chapter 15

15.1 Since the mean life '¥’Cs is 44 yr, we may neglect its radioactive deple-
tion over 1 yr, and estimate the activity as
0.059 x (3 x 10° W) x (1 yr) _

137 P 17
= ~ 1. 10" Bq.
Cs activity (200 MeV) x (44 yr) 3x 10" Bq

If 13% of this activity were spread over 10° km?, the activity per square
metre &~ 2 x 10* Bq. (Each 2*°U fission releases ~ 200 MeV energy. See
§9.3.)

15.2 Radon will be produced from the radium decay at a rate R =1 Ci, but
itself decays. Suppose n(¢) is the number of radon nuclei after time 7.

Then
dn n
dr T

With the initial condition 7(0) = 0, the solution of this equation is

ﬂ;) =R(l—-e"=1—-e"")Ci
But n(¢)/7 is the radon activity at time ¢.

After one month, the radon activity will be approximately constant at
R =1 Ci. Similarly the other decay products up to 2!°Pb with their even
shorter decay times will be in quasi-equilibrium, each with activity R,
and the total activity will be 6 Ci.

15.3 4 GeV muons are highly relativistic. Hence in equation (14.4) we take
u~c. Also (Z/A)=0.5, L=14, p~1gem™> = 10° kgm~>. Then
dE —1 -1
T 0.307 x0.5x 14 MeVem™ ~2MeVem™ .

Thus a muon passing through the body loses only a small fraction of its
energy to ionisation, and

dE_dde dE ) 1

The number density #» of muons in the body is
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flux 150
n [ S —— V)

-3 -7 -3
2 5% 10 .
¢ 3x10t " em

Hence in 1 s, the received dose is

5x1077)x 1072

J~5x107"2 sv.
10° kg x Y

This suggests an annual dose of ~ 0.16 mSv from this process.

15.4 Taking a total body weight of 70 kg, the activity due to '“C is
~ 3200 Bq. Assuming all the electron energy is deposited in the body
(cf. Table 14.1), the dose per second is

3200 x 0.052 x 1.6 x 10713 J/70 kg = 3.8 x 1073 Sv.

The annual dose is 12 pSv.

15.5 From the given data, a 70 kg body contains 2.47 x 10 “°K nuclei,
which will yield 1.33 x 10'" decays per year. If we assume that all an
electron energy, and 10% of a photon energy, is deposited in the body,
the average energy per decay is

~[(0.89 x 0.66) 4 (0.11 x 0.145)] MeV
~ 0.6 MeV.

Annual dose  ~ 1.33 x 10" x 0.6 x 1.6 x 107" /(70 kg)
~0.18 mSv.

Appendices

B.1(») The centre-of-mass coordinate R = (mr; + m,r,y)/(m; +m,), and
the relative coordinate r =r, —r;. The two particle wave-functions
exp(ik; - r;) exp(ik, - r,) and exp(ik - R) exp(ik - r) must be identical. The
result follows on equating coefficients for r; and r,. The Jacobian of the
transformation is unity. If the particles are identical, only one hemi-
sphere of the angular integration of the k-vector gives distinct states,
since k and —k are equivalent.

C.2 The wave-functions of the state are linear combinations of spatial func-
tions of fixed /, each of which has parity (—1)'. The effect of the parity
operator on the internal states | +1), | — 1) of spin 1 fermions (e.g. elec-
trons, protons) is in fact a matter of convention, and they are taken to
have positive parity. It is usually the relative parity of two states which is
significant.
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