Problems 1

1.1 Substituting the operatos= —ihV andE = iha/at into the mass-energy relation
E? = p?c? + M2¢* and allowing the operators to act on the functig(n, t), leads
immediately to the Klein-Gordon equation. To verify that the Yukawa pote¥(tjg)
is a static solution of the equation, 8&fr) = ¢(r), wherer = |r|, and use

32 29
Tz T rar

together with the expression for the ranfe= h/Mc.
1.2 Using the relations (1.11), gives

N 3 . ; 3 . i
PY! = ,/g sinr — 0)e ) = _ | o sin@)e? = Y,

and hencer is an eigenfunction of parity with eigenvaluel.

1.3 Because the initial state is at rest, it hds=0 and thus its parity is
P = PpPs(—1)" = —1, where we have used the fact that the fermion-antifermion
pair has overall negative intrinsic parity. In the final state, the neutral pions are
identical bosons and so their wavefunction must be totally symmetric under their
interchange. This implies even orbital angular momentuirtbetween them and
henceP; = Pnz(—l)'-' = 1+# P. The reaction does not conserve parity and is thus
forbidden as a strong interaction.
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1.4 SinceC? = 1, we must have

C21b, ) = CoC |b, ¥5) = Ib, yn) ,

implying that

C |b, yp) = Cp Ib, ¥)

with C,Cy = 1 independent oCy,. The result follows because an eigenstatéiof
must contain only particle-antiparticle pabb, leading to the intrinsic parity factor
Cu,Cp = 1, independent oy,

1.5 Under C-conjugation, CA(r, t) = C,A(r,t), where C, is the C-parity of the
photon. But we also haweE(r, t) = —E(r, t), because electric charges change sign.
Thus, if the equatioe = —9A /0t is invariant under charge conjugatid®, = —1.

1.6 The electric dipole moment is the expectation value of the opedatod ; g;r; and
is a vector. Thusl o J, the angular momentum, and sintehanges sign under time
reversal (classically = r x p), so doesl, whereas the electric fiel does not. Thus
the interaction energg - E can only be invariant under time reversatli& 0.

1.7 From Equations (1.73) and (1.74), we have

_ do(pp— ntd)/dQ (25, +1)(2ss + 1)|0_§ | Mis|2
Cdo(rtd — pp)/d2 T (2 +1?2 PR M2

By detailed balance, the two spin-averaged squared matrix elements are equal, and
S0, usingsp = % andsy = 1, gives the result.

1.8 The parity of the deuteron iBy = P,Py(—1)-#". Since the deuteron is an S-wave
bound state| pn = 0 and so, using®, = P, = 1, givesPy = 1. The parity of the
initial state is therefore

P =Py Py(=1)" = Py,
because the pion is at rest andlsg = 0. The parity of the final state is
Pf = PaPa(=1)"" = (=1)-

and therefore?,- = (—1)'™. To find L., impose the Pauli principle condition that
Ynn = Yspacd/spin MUSt be antisymmetric. Examining the spin wavefunctions (1.17)
shows that there are two possibilities fpg,in: either the symmetri&S = 1 state or
the S= 0 antisymmetric state. IS = 0, thenyspacewould have to be symmetric,
implying L, would be even. But the total angular momentum would not then be
conserved. Thu$ =1 is implied andyspaceis antisymmetric, i.eLnn =1,3, - --
The only way to combind.,, and S to give J = 1 is with Ly, = 1 and hence
P,- = —1.

1.9 (@) ve+ €7 — Ve + €T;
(b) p+p— p+p+7°+7Y
© p+n—->a +7°+7°% n +nt+4+n.



Solutions to Problems 395

1.10 (@) ve+ v, — ve+ v,
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Figure F.1
(b) et +e — et +e
e e . .
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Y
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Figure F.2

©y+y—>e+e

Figure F.3

1.11 If an exchanged particle approaches to within a distahfre, this is equivalent to a
momentum transfeq = h/d = (0.2/d) GeV/c. Thus,q = 0.2 GeV/c ford = 1 fm
andqg = 200 GeV/c ford = 10~2 fm. The scattering amplitude is given by

f(0%) = —g™° (q? + mic?) ",
wheremy is the mass of the exchanged particle. Thus,

fem(@®)  g°c® 4+ m§,c?
fweadd?)  q2c2 4+ m2ct’

R(@%) =

sincegem ~ Gweak Usingm, = 0 andmy, = 80 GeV/C?, gives
R(0.2 GeV/c) = 1.60 x 10° and R(200 GeV/c) = 1.16.
1.12 Using spherical polar co-ordinates, we have

q-r=qgrcosd and dr =r?dr dcos de,
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whereq = |qg|. Thus, from (1.47),

—¢? 7T R —g’h’
M(9?) = E/mﬁ/dr r? /dcosHeXIOGquOS@/ﬁ) = @+ mec
0 0 -1

r

1.13 Let one of the beams (labelled by 1) refer to the ‘beam’ and let the other beam
(labelled by 2) refer to the ‘target’. Then in (1.62),

Ny =nN;/27RA and v =27 R/T,
whereR is the radius of the circular path. Thus the flux is
J =npu = NN f/A,
wheref is the frequency. AlstN = Ny, so finally the luminosity is
L =JN=nNN,f/A.

1.14 From (1.57c)g = WMa/1 (pt)Na. Since the scattering is isotropic, the total number
of protons emitted per second from the target is

W =20x (47/2 x 10°%) = 1.25x 10° s L.

I can be calculated from the current, noting that the alpha patrticles carry two units of
charge, and i$ = 3.13 x 10'° s, The density of the target jst = 10732 kg fm~2,
Putting everything together gives= 161 mb.

1.15 Write
3m2
and impose the dimensional conditier] [= [L]?. This givesa = —b = 2 and hence
_ 8ra*(ho)?
© 3(Mec?)?

Evaluating this gives = 6.65 x 1072° m? = 0.665 mb.

Problems 2

-1
2.1 From Equation (2.22), the accuradyis given by A « (tﬂ) , wheret = Tps.
For radioisotoped\ oc exp(—At), with A = In 2/t1,,, wherety, is the half-life. Thus,

1 tin2
Ao =exp( —2).
1 p<2t1/2)

which has a maximum &j'ty, ~ 2.9.
2.2 From (2.32), the form factor is

F(g?) = 3[sinb(a) — b(a) cosb(a)]b~3,
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whereb = ga/h. To evaluate this we need to fimcandg. We can find the latter from
Figure F.4.

Figure F.4

Using p = Ipi| = |p+| andq = |q], gives
g = 2psin@E/2) = 57.5 MeV/c.

Also, we know thata = 1.21AY3 fm and so for A=56, a=4.63 fm and
ga/h = 1.35 radians. Finally, using this in the expression Fgrgives F = 0.829
and hence the reduction & = 0.69.

2.3 Settingg = |q| in (2.37), we have

F(®) = o /()Z ('rqm’) &r.

Using dr = r2d cosy dgdr and doing thep integral, gives

2,2
F@) == f/f(r)r[ L qr2;g§9+..}drdcos9

4 P
= Z_e/ f(r)yredr —
0

But from (2.28),

Adr + ...

Ze=4n/ f(r)r2dr
and from (2.36)
Ze(r2)=4n/ f(r)rdr,
0

SO
F(qZ)—l—q—Z(r2)+--~
e’

2.4 From (2.39),
(r?) = e’[1 — F(a®)]/a?,
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where
g = 2(E/c)sin@/2) = 43.6 MeV/c

Also, F? = 0.65 and sq/(r?) = 4.88 fm.

2.5 The charge distribution is spherical, so the angular integrations in the general result
(2.28) may be done, giving

00 00 -1
F(@) = [ f p(r)[sin(qr/ﬁ)/(qr/ﬁ)]ztnrzdr} { / p(r)4nr2dr} .

0 0

Substituting forp(r), settingx =r/a and usingfoOO X exp(=x) dx = 1, gives, after
integrating by parts (twice),

R\ [ . {qax 1
Fi@®)=(— /e‘xsm(—)dx= —_—
(q ) (qa) ) h (1+ anZ/HZ)
2.6 In 1 g of the isotope there areitiially

No = (1 g/208 x 1.66 x 10-2* g) = 2.9 x 10** atoms

At time t there areN(t) = Noe™'/* atoms, where is the mean life of the isotope.
Providedt « t, the average decay rate is
No—N({) No 75

AN — = hr2.
t T 0.1x 24

Thus,r = 2.4Np/75 hra 1.1 x 10* yr.

2.7 The count rate is proportional to the numbet4€ atoms present in the sample. If we
assume that the abundancé4 has not changed with time, and that the artifact was
made from living material and is predominantly carbon, then at the time it was made
(t = 0), 1 g would have containeds6 10?2 carbon atoms of whictNg = 6 x 10'°
would have beet'C. Thus the average count rate would have béghr = 13.8 m™.

At time t, the number of*C atoms would bé\(t) = Ngexp(-t/z) and

N(t)/No = e™V/* =2.1/138,

fromwhicht = 7In6.57 = 1.56 x 10* yr. The artifact is approximately 16,000 years
old.

2.8 If the transition rate fof2Rn decay iso; and that foP38Po isw, and if the numbers
of each of these atoms at tinhés N;(t) and N»(t), respectively, then the decays are
governed by Equation (2.67), i.e.

Na2(t) = w1N1(0) [expwit) — expwat)] (w2 — w)
The latter is a maximum wherNg(t)/dt = 0, i.e. when

w2 eXp(—wot) = wy expl—wst),



Solutions to Problems 399
with
tmax = IN (@1/w2) (w1 — w2) .
Using
w1 =412x10?min"! and w, =6.56x 10" min~?,

givestmax = 268 min.
2.9 The total decay rate of both modes'gfLa is

(1+05)x (7.8x 1) kg ts1=117x 1 kgt st

Also, since this isotope is only 0.09 % of natural lanthanum, the numb@?m
atoms/kg is

N = (9 x 1074 x (1000/13891) x (6.022x 10?%) = 3.90 x 10?* kg~?.

The rate of decays isdN/dt = w N, wherew is the transition rate and in terms of
this, the mean lifetime = 1/w. Thus,
_ N
"7 TNyt
2.10 The energy released is the increase in binding energy. Now from the SEMF,
(35y (87— 70¥
@7 * 3ag

=3.33x 10" s=1.06 x 10 yr.

BE(35, 87) = a,(87) — as(87F/° — ac

- (577 (145— 114y
BE(57, 145)= a,(145)— as(145f/° — a (145%3 580 '
(927 (235— 184y

_ _ /3 _ _
BE(92, 235)= a,(235)— as(235%/% — a, 23558 "% oa0

The energy released is thus

E = BE(35, 87) + BE(57, 145)— BE(92, 235)
= —3a, — 9.153a + 4767, + 0.280a,

which, using the values given in (2.57), gives= 154 MeV.

2.11 The most stable nucleus for fixel has aZ-value given by i.eZ = /2y, where
from Equation (2.71),

B=a+(My—Mp—meg) and y =aa/A+a/AY.

Changingx would not changes, but would effect the Coulomb coefficient because
ac is proportional tax. For A = 111, using the value af, from Equation (2.57) gives

B =9393MeV/c? and y = 0.839+ 0.208a. MeV/c?.
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For Z = 47, a. = 0.770 MeV/c?. This is a change of about 10 % from the value
given in (2.57) and sa would have to change by the same percentage.

2.12 In the rest frame of thé$2Hs nucleusm,v, = Msgusg, Wherev is the appropri-
ate velocity. The ratio of the kinetic energies in the centre-of-mass is therefore
Esy/ E. = m,/msgand the total kinetic energy is

E, (14 m,/msg) = 9.369 MeV.

Thus,
MusC? = (Msg+ My)C? + 9.369 MeV = 269133 u

2.13 If there areNp atoms of?38Pu at launch, then aftéryears the activity of the source
will be A(t) = Npexp(-t/t)/t, wherer is the lifetime. The instantaneous power is

then

P(t) = A(t) x 0.05x 5.49 x 1.602x 1072 W > 200W.

Substituting the value given far, givesNy = 1.88 x 10?° and hence the weight of
23%pu at launch would have to be at least

188 x 1075\ / 238
kg = 7.43 k
(6.02 X 1023> (1000) g g

2.14 If there wereNy atoms of each isotope at the formation of the plahet (), then
after timet the numbers of atoms 8f°Pb is

Nogs(t) = Noexp(—t/t205), With  Nopa(t) = No,

so that

Nogs(t t n
2050) _ ox <——) = 22 _2x107
Naoa(t) T205 N204

andt = —105IN(2 x 1077) = 2.4 x 1Py.
2.15 We first calculate the mass difference betwéprr 35Sc) and(n + 35Ti). Using the
information given, we have

M (21, 46) — [M (22, 46)+ me] = 2.37 MeV/c?
and Mp — (Mp 4+ me) = 0.78 MeV/c?

and hence

[Mp + M(21, 46)] — [My, + M (22, 46)] = 1.59 MeV/c?.
We also need the mass differences

[M, + M(20, 43)] — [M,, + M(22, 46)] = 0.07 MeV/c?.

We can now draw the energy level diagram where the centre-of-mass energy of the
resonance is (see Equation (2.8)j@x (45/47) = 2.64 MeV.
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Figure F.5

Thus the resonance could be excited in $f@ag, n)35Ti reaction at anx particle
laboratory energy of 1@ x (47/43) = 11.7 MeV.

2.16 We have dN(t)/dt = P — AN, from which

C NN
Pd_e*<xN+T)—dt(Nd)

Integrating and using the fact th&t =0 att = 0 to determine the constant of

integration, gives the required result.
2.17 The number of°Cl atoms in 1 g of the natural chloride is

N = 2 x 0.758 x Na/molecular weight= 7.04 x 10%*.
The activity
A(t) =AN = P (1—e ™) ~ Pat, sinceat <« 1.
So

(— Alt) A(t)ty)2
T PA In2xoxFxN’

SubstitutingA(t) = 3 x 10° Bq and using the other constants given, yidlds 1.55
days.

2.18 At very low energies we may assume the scatteringlha® and so in Equation
(1.80) we havg = 1, s, = 3 ands, = 0. Thus,

ah? (Cal'y 4+ T'l,)  4nRT,
a2 rz/4 il

)

Omax =

Therefore [y = g2l omax/47h? =0.35x 10 %eVandl, = — [, =9.65x 103 eV.
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Problems 3

3.1 (a) Forbidden: violatek, conservation, because,(v,) = 1, butL,(u*) = —1.

(b) Forbidden: violates electric charge conservation, bec@ugeft-hand side}= 1,
but Q (right-hand side}= 0

(c) Forbidden: violates baryon number conservation becBu$eft-hand side}= 1,
but B (right-hand side}= 0

(d) Allowed as a weak interaction: consernies, B, Q etc., violatesS. (It also has
AS = AQ for the hadrons — this is discussed in Section 6.5.2.)

(e) Allowed as a weak interaction: consenigs B, Q etc.
(f) Forbidden: violated.,, andL,
3.2 A possible Feyman diagram is shown in Figure F.6.

e

Figure F.6

3.3 From (3.32) we have = 4E(Rc)/ Amic®. Then ifL is expressed in knE in GeV
andAm; in (eV/®)?, we have

_4E x (197 x 10713 x 10'8 E

= km.
Amﬁ 1.27Am§

Lo

3.4 From Equation (3.31a), we have
P(ve — vy) = Sir?(20) sirf[A(m?c*)L /(4hcE)],
which for maximal mixing = = /4) gives
P(ve — vy) = Sirf[1.27A(m?c*)L/E],
whereL is measured in metreg, in MeV, A(m?c?) in (eV/c?)? and
AP = m?(ve) — m*(vy).

If P(ve = ve) =0.940.1, then at 95 % confidence level,30> P(ve — 1) > 0
and hence

0 < A(m?c*) < 6.9 x 1073 (eV/c?)2.

3.5 From the data given, the total number of nucleonNis= 1.1 x 10°” and hence
n=7.7 x 10°® km3. Also the mean energy of the neutrinos from reaction (3.38)
is 0.26 MeV, so the cross-sectiondis= 1.8 x 107*¢ m?. Thusi ~ 7 x 10° km, i.e.
about 10 times the solar radius.
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3.6 (a) The quark compositions ar®~ =dc; K°=ds; =z~ =du and since the
dominant decay of e-quark isc — s, we have

.
W NS
d
"
- [c Jc W,

D [d D7 §
j HES —\3] -

Figure F.7

(b) The quark compositions ar&: = sud p = uud and since the dominant decay
of ans-quark iss — u, we have

Figure F.8

3.7 (&) This would be a baryon becauBe= 1 and the quark composition would bsb
which is allowed in the quark model.
(b) This would be a meson becauBe= 0, but would have to have both arand ab
quark. HoweveRQ(s + b) = 2/3, which isincompatible with the quark model and
anyway combinations of two antiquarks are not allowed. Thus this combination
is forbidden.
3.8 ‘Lowest-lying’ implies that the internal orbital angular momentum between the quarks
is zero. Hence the parity iB = + andyspaceiS Symmetric. Since the Pauli princi-
ple requires the overall wavefunction to be antisymmetric under the interchange of
any pair of like quarks, it follows thaspin is antisymmetric. Thus, any pair of
like quarks must have antiparallel spins, i.e. be in a spin-0 state. Consider all possible
baryon statesjqqg whereq = u, d, s. There are 6 combinations with a single like
pair; uud, uus ddu, dds ssu ssd with the spin ofuu etc equal to zero. Adding
the spin of the third quark leads to 6 states with= %+. In principle there could be
6 combinations with all three quarks the sameu, ddd, sss but in practice these do
not occur because it is impossible to arrange all three spins in an antisymmetric way.
Finally, there is 1 combination where all three quarks are diffenead: Here there
are no restrictions from the Pauli principle, so tligpair could have spin O or spin 1.

Adding the spin of thes quark leads to 2 states with® = £ and 1 withJ” = 3"



404  Nuclear and Particle Physics

Collecting the results, gives an octetdf = %J’ states and a singleét” = gJ’ state.
This is not what is observed in nature. In Chapter 5 we will see what additional
assumptions have to be made to reproduce the observed spectrum.

3.9 The ground state mesons all hdve= 0 andS = 0. Therefore they all have = —1.
Only in the case of the neutral pion is their constituent quark and antiquark also
particle and antiparticle. ThuS is only defined for ther® and isC = 1. For the
excited statesl. = O still and thusP = —1 as for the ground states. However, the
total spin of the constituent quarks3s= 1 and so for the?, the only state for which
C is definedC = —1.

For the excited states, by definition there is a lower mass configuration with the
same quark flavours. As the mass differences between the excited states and their
ground states is greater than the mass of a pion, they can all decay by the strong
interaction. In the case of the charged pions and kaons and the neutral kaon ground
states, there are no lower mass configurations with the same flavour structure and so
the only possibility is to decay via the weak interaction, with much longer lifetimes.

In the case 0p° decay, the initial state has a total angular momentum of 1 and since
the pions have zero spin, ther final state must have = 1. While this is possible
for m* 7, for the case ofr°z it violates the Pauli Principle and so is forbidden.

3.10 In the initial stateS= —1 andB = 1. To balance strangeness (conserved in strong
interactions) inthe final sta®Y ~) = —2 and to balance baryon numbB(Y~) = 1.
As charm and bottom for the initial state are both zero, these quantum numbers are
zero for theY. The quark content is therefodss.In the decay, the strangeness of
the A is S(A) = —1 and so strangeness is not conserved. This is therefore a weak
interaction and its lifetime will be the range 10to 1013 s.

3.11 The quark composition i& = uds Now
(Su+S)?=S2+S5+2S,-Sy=2R2
and hence
Sy - Sy =h?/4.
Then, from the general formula (3.91), settimg = myg = m, we have

MZ:2m+mS+B|:Su'Sd+Sd'Ss+Su'SS]
R2 | m? mm,
:2m+ms+£[SJ~Sd+31-Sz+81-83+52-53—31-5u]
R2 | m? mmy
which using

SI-S+S1 S+ S S =—3h?/4
from (3.96), gives
b[ 1 4

3.12 The initial reaction is strong because it conserves all individual quark numbers. The
Q™ decay is weak because strangeness changes by one unit and the same is true
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for the decays of th&®, K+ andK°. The decay of ther* is also weak because it
involves neutrinos and finally the decay of th& is electromagnetic because only
photons are involved.

3.13 The Feynman diagram is shown in Figure F.9.

‘LL+

K*[§ o u*

Figure F.9

The two vertices where th& boson couples are weak interactions and have strengths
Jaw. The remaining vertex is electromagnetic and has stregigéu. So the overall
strength of the diagram sy ./oem.

3.14 Reactions (a), (d) and (f) conserve all quark numbers individually and hence are strong
interactions. Reaction (e) violates strangeness and is a weak interaction. Reaction
(c) conserves strangeness and involves photons and hence is an electromagnetic
interaction. Reaction (b) violates both baryon number and electron lepton number
and is therefore forbidden.

3.15 The doublet ofS= +1 mesonsK*, K°) has isospirl = 3, with I3(K*) = 7 and
13(K% = —3. The triplet of S= —1 baryons £+, £°, ©~) has| = 1, with I3 =
1,0, —1forx*, ©%and X, respectively. ThusK =, K°) is analogous to thep( n)
isospin doublet andX*, X°, x7) is analogous to ther(t, 7% =) isospin triplet.
Hence, by analogy with Equations (3.61a,b),

M@~ p— 2rKJr) = %MB/Z + %M1/2, Mz p— 2:OKO) = %Ms/z - \/Té./\/ll/z

and
M@ p— TTKT) = Map,

where My,» 3> are the amplitudes for scattering in a pure isospin sita;t:e%, %
respectively. Thus,

o(xtp— ZtKN) o p— T K :o(m p— XK
= [Mapo|*: § [ Mayo + 2Mapo|*: 3| Moo — Map|*

3.16 Under charge symmetryp(udd) = p(duu) and =*(ud) = =~ (du), and since
the strong interaction is approximately charge symmetry, we would expect
o(7n) ~ o (7~ p) at the same energy, with small violations due to electromagnetic
effects and quark mass differences. Howewet,(us) and K ~(su) are not charge
symmetric and so there is no reason w{K *n) ando (K ~ p) should be equal.
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Problems 4

4.1 In an obvious notation,

E2\y = (Ee + Ep)? — (PeC + Ppc)?
= (E2 — p2c?) + (E2 — p2c?) + 2EeEp — 2pe - ppC?
= mac? + mic? + 2E¢Ep, — 2pe - ppc?

At the energies of the beams, masses may be neglected and so witp|,
E2) = 2EeE — 2peppC? cosfr — 0) = 2E.E[1 — cosfr — 6)],

whered is the crossing angle. Using the values given, giktgs = 154 GeV. In a
fixed-target experiment, and again neglecting masses,

EZy = 2EeEp — 2pe - ppc?,
where
Ee = EL, Ep == mpCZ, pp = 0.

Thus,Ecy = (2mpc2EL)1/2 and forEcy = 154 GeV, this gives
EL = 1.26 x 10* GeV.

4.2 For constant acceleration, the ions must travel the length of the drift tube in half a
cycle of the r.f. field. Thusl. = v/2f, wherev is the velocity of the ion. Since the
energy is far less than the rest mass of the ion, we can use nonrelativistic kinematics
to find v, i.e.v = 4.01 x 10’ m s™! and finallyL = 1 m.

4.3 A particle with massn, chargeq and speed moving in a plane perpendicular to a
constant magnetic field of magnitudewill traverse a circular path with radius of
curvatureg = mv/qBand hence the cyclotron frequencyfis= v/2zr = qB/27m.

At each traversal the particle will receive energy from the r.f. field, sb i§ kept
fixed,r will increase (i.e. the trajectory will be a spiral). Thus if the final energy is
E, the extraction radius will b& = /2mE/qB. To evaluate these expressions we
useq = 2e = 3.2 x 10°1°C, together with

B =0.8T=0.45x 10*°(MeV/c?)stC?

and thusf = 6.15 MHz andR = 62.3 cm.

4.4 A particle with unit chargee and momentunp in the uniform magnetic field of
the bending magnet will traverse a circular trajectory of radtugiven byp = BR
If Bisin TeslasR in metres andp in GeV/c, thenp = 0.3BR Referring to Figure
F.10, we have

6 ~L/R=03LB/p and A =s/d=0.3BLAp/p>.

Solving ford using the data given, gives= 9.3 m.
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Figure F.10

4.5 The Cerenkov condition ign > 1. For the pion to give a signal, but not the kaon,
we haveg,;n > 1 > Sxn. The momentum is given bp = muy, so eliminatingy
gives

B =v/c=(1+m’c?/p? Y2
For p = 20 GeV/c, B, = 0.99997,8«x = 0.99970, so the condition on the refractive
index is
3x10%>(n—-1)/n>3x107°.
Using the largest value af = 1.0003, we have

1 1 1
N=2ro|l- == ||———
B2n2 )\ 11 A2

as the number of photons radiated per metre, wheee 400 nm and., = 700 nm.
Numerically,N = 26.5 photons/m and hence to obtain 200 photons requires a detector
of length 7.5 m. (You could also use

1 o — A1
v-2 (- ) (527

where is the mean oh; anda,, which would give 24.5 photons/m and a length of
8.2m.)
4.6 Luminosity may be calculated from Equation (4.7) for colliddrs= n N; N, f /A,

wheren is the number of bunched|; , are the numbers of particles in each bunch,
A'is the cross-sectional area of the beam &nd its frequency. We have,

n=12 N; =N, =3x 10", A= (2 x 107%) cn?,

f = (3x 1087 x 10°)s7?,
sofinallyL = 6.44 x 103 cm=2s7L.

4.7 (a) Theb quarks are not seen directly, but instead, they ‘fragment’ (hadronize) to
produceB-hadrons i.e. hadrons containibgjuarks. So one characteristic is the

presence of hadrons with nonzero bottom quantum numbers. As these hadrons are

unstable and the dominant decayafuarks is ta quarks, a second characteristic
is the presence of hadrons with nonzero values of the charm quantum number.
We need to observe the point wheredie™ collision occurred and the point of
origin of the decay products of tighadrons. The difference between these two is
due to the lifetime of thé3 hadrons. As the difference will be very small, precise
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position measurements are required. The daughter particles may be detected using
a silicon vertex detector and a MWPC. In addition, any electrons from the decays
could be detected by a MWPC or an electromagnetic calorimeter. The same is
true for muons in the decay products, except they are not readily detected in the
calorimeter as they are very penetrating. However, if a MWPC is placed behind

a hadron calorimeter then one can be fairly confident that any particle detected
is a muon, as everything else (except neutrinos) will have been stopped in the
calorimeter.

(b) In the electronic decay mode, the electron can be measured in both a MWPC
and an EM calorimeter. For high energies the better measurement is made in
the calorimeter. The neutrino does not interact unless there is a very large mass
of material (1000s of tons) and so its presence must be inferred by imposing
conservation of energy and momentum. In a colliding beam machine, the original
colliding particles have zero transverse momentum and a fixed energy. If one
adds up all the energy and momentum of all the final state particles, then any
imbalance compared to the initial system can be attributed to the neutrino.

For the muonic mode, the muon can be measured in the MWPC, but cannot be
measured well in the calorimeter because it only ionizes to a very small extent.
Since the muons only interact to a small extent they (along with neutrinos) are
generally the only particles that emerge from a hadronic calorimeter. So if a
signal is registered in a small MWPC placed behind a calorimeter then one can
be confident that the patrticle is a muon.

4.8 To be detected, the event must have 150 < 3(°, i.e.| cosf | < 0.866. Setting

X = cosf, the fraction of events in this range is

+0 866

f = // —Z dx = 0.812

—O 866 -10
The total cross-section is given by

2

d 252 2 +1
o= 7 d /dd)/dcosﬁ 2n¥/(1+c0529)d0059.
N 4EZ,,
0 -1

Using Ecy = 10 GeV, gives
o = 4ra®h?c?/3EE,, = 0.866 nb

The rate of production of events is given hy and sincel is a constant, the total
number of events produced will kert = 86600

The t* decay too quickly to leave a visible track in the drift chamber. The
et and theu™ will leave tracks in the drift chamber and tleg will produce a
shower in the electromagnetic calorimeter. If it has enough energy, theill pass
through the calorimeters and leave a signal in the muon chamber. There will no signal
in the hadronic calorimeter.
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4.9 Referring to Figure F.11, the distance between two positions of the pattidpart
in time isv At. The wave fronts from these two positions have a difference in their
distance travelled afAt/n.

S

3 =

vin-1
Sy
Sl @

ctin S
AN (b)
0 RN
1 > 3
Bct
Figure F.11

These constructively interfere at an anglevhere
__CAt/n i
v At An
The maximum value of corresponds to the minimum of @dband hence the maxi-
mum of 8. This occurs ag — 1, whendmax = cos* (1/n). This value occurs in the

ultra-relativistic or massless limit.
The quantitys may be expressed as

B = pc/E = po(p?c® + m?ch Y2,

Hence,

1./p2¢c2 2
cosh = _M’
n pc
which, after rearranging, gives

x = (MA)? = p?c?(n®cog 6 — 1).
Differentiating this formula gives
dx/do = —2p?c®n? cosh sind

and the error orx is then given by, = |dx/d6| oy. For very relativistic particles,
the derivative can be approximated by uséhgy, for which

COSOmax= 1/N, SiNOmax= VN2 —1/n.
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Hence

14/n2 -1
oy X 2pzcznzﬁ ——o = 2p%c?y/n2 — 1oy.

4.10 The average distance between collisions of a neutrino and an iron nucleus is the mean
free pathh = 1/no,, wheren ~ p/mj is the number of nucleons per éntsing the
datagivenn ~ 4.7 x 10?*cm—3ando, ~ 3 x 10-3¢cn?, sothat. ~ 7.1 x 10'%cm.

Thus if 1 in 16 neutrinos is to interact, the thickness of iron required is 71 cm.

4.11 Radiation energy losses are given bgE/dx = E/LR, wherelLg is the radiation
length. This implies thaE = Egexp(—x/LR), whereEy is the initial energy. Using
the data given, givekE = 1.51 GeV. Radiation losses at fixétlare proportional to
m~2, wherem is the mass of the projectile. Thus for muons, they are negligible at
this energy.

4.12 The total cross-section issgt = 0el + Ocap + Ofission = 4 X 1¥*b and the at-
tenuation is exp{nxoywy) Where nx = 10"1Np/A =256 x 10°* m™2. Thus
exp(—nxoior) = 0.9898, i.e. 1.02 % of the incident particles interact and of these
the fraction that elastically scatter is given by the ratio of the cross-sections, i.e.
0.75x 10~4. Thus the intensity of elastically scattered neutrons. %8s and
finally the flux at 5 mis 24 x 1073 m—2s71,

4.13 The total centre-of-mass energy is givenByy ~ (2mcE, )2 = 0.23 GeV and so
the cross-section is = 1.64 x 10~3* m?. The interaction length is= 1/no, where
n is the number density of electrons in the target. This is givem by p NAZ/A,
where Np is Avogadro’s number and for leadZ =82 and A= 208. Thus
n=27x10m3andl =23 x 10° m.

4.14 The target contains = 5.30 x 10?4 protons and so the total number of interactions
per second is

N = n x flux x oyt = (5.30 x 10?%) x (2 x 10") x (40 x 10731) = 424 s1.

There are thus 848 photons per sec produced from the target.
4.15 For smallu, the Bethe-Bloch formula may be written

__dE_ 1 /omw?\ . dS 2[  (2mew?
= Tax 2 I do & 03 I ’

The latter has a maximum far?> = el /2me. Thus for a proton in iron we can use
| =10Z eV = 260 eV, so that

Ep — %mpvz — n‘]p|e/4me = 324 keV.

4.16 From (4.24), E(r) =V /rin(r¢/ra) and at the surface of the anode this is
4023 kV nTL. Also, if Egreshoidr) = 750 kV n2, then from (4.24y = 0.107 mm
and so the distance to the anode i88Y mm. This contains 22 mean free paths

and so assuming each collision produces an ion pair, the multiplication factor is
222 = 4.2 x 10° = 10°S.
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Problems 5

5.1 We have

M=a+p+y=n=a+p+7,

where the inequality is because baryon nuntber 0. Using the values of the colour
charged§ andY® from Table 5.1, the colour charges for the state are:

1§ = (@ —a)/2—(B—p)/2
and
YC = (a—@)/3+ (8- B)/3—2(y —1)/3.

By colour confinement, both these colour charges must be zero for observable hadrons,
which implies

a—a=pf—B=y—y=p andhence m—n=3p,

where p is a non-negative integer. Thus the only combinations allowed by colour
confinement are of the form

Ga)P@a)" (p.n=0).

It follows that a state with the structugg) is not allowed, as no suitable valuesf
andn can be found.

5.2 The most general baryon colour wavefunction is

X5 = a1r1020s + 02011203 + 3l 2gs + b1 Gor 3 + s g1bors + el 1b2gs,

where they; (i = 1, 2,.. ., 6) are constants. If we apply the operakarto the first
term and use the relations

Fir =39, Fig=43r. Fib=0
we have
a1F1(r1g2b3) = a1(Fir1)gzbs + aari(F1g2)bs + a1r1gz(Fibs)
o1
=5 (919203 + r1robs) .

Similar contributions are obtained by acting with on the other terms ix§ and
collecting these together we obtain

2 o]+ o o3+ o
Fixs = % (919203 + ryrobs) + % (b19293 + barars)
+
-%EEE—E—gEZ(glb293—Fr1b2r3).

This is only compatible with the confinement conditiéryg =0fori=1if
o1 = —0 03 = —0Uy 05 = —0g

The full set of such conditions leads to the antisymmetric form (5.2).
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5.3 (a)
14
q q 4
q q
¢} . 9 a
Figure F.12
(b)
P q
D«N\f\f\/\, Z0
D q
Figure F.13
(€)
e W e W
X jgm
e w* e wr
Figure F.14
(d)

14
g
e b d
BO
Figure F.15

There are several other alternative diagrams. For example, the photon could pro-
duce add pair and the gluon could be radiated by either the boson or the
antiboson.
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5.4 The Feynman diagram is shown in Figure F.16.

Figure F.16

The 4-momenta are:
P(p)=(E/c,p) and P(p)=(E/c, —p),
with
P2=m’c? = E?/c?—p? and m=m,=m;.
Now P(q) = (xE/c, xp) and P(q) = (XE/c, —xp) with X = %, so
Ey = X°c?[P(p) + P(p)]* = x? (2m°c* + 2E% + 2p°c?).
Neglecting the masses of the proton and the antiproton at these energies, gives
E = 3Ecm andp = 3 x 350= 1050 GeVc.
5.5 Energy-momentum conservation gives,

W2c* = [(E — E') + Ep]? — [(p — p) + P]?c? = invariant mass squared of.
Using, Q2 = (p — p')?> — (E — E')?/c? andM?c* = E2 — P%c?, where M is the
mass of the proton, gives

W2t = —Q%c? + M?%c* + 2Ep(E — E') — 2P - (p — p)c?.
Also, 2Mv = W?c? + Q% — M2c? and so, in the rest frame of the protdd £ 0,
Ep = Mc?), v = E — E'. Sincesomeenergy must be transferred to the outgoing
electron, it follows thatE > E’, i.e. v > 0. Also, since the lightest stad¢ is the
proton,W?2 > M2, Thus,
2Mv = Q% 4+ (W? — M?)c? > Q2.
From the definition ok, it follows thatx < 1. Finally,x > 0 because botl)? and
2Mv are positive.
5.6 By analogy with the QED formula, we have

I'(3g) = 2(7? — 9)admcc?/9r,

wherem. &~ 1.5 GeV/c? is the constituent mass of tkequark. Evaluating this gives
as = 0.31. In the case of the radiative decay,

I(9gy) = 2(r? — 9ada®myc?/9r,

wherem, =~ 4.5 GeV/c? is the constituent mass of thequark. Evaluating this gives
as = 0.32. (These values are a little too large because in practicethe QED
formulas should be replaced léyzs.)
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5.7 From (5.38a)
FP)=x[3(d+d)+2U+0)+3(s+9)]
and from (5.38b) and (5.39)
F) =x[d(d+d)+iu+u)+is+9)],
so that

1 1
[erp(X)— Ff”(X)]% ; f [u(x)+u(x) dx % / d(x)+d(x)

0 0

O\u—‘

But summing over all contributions we must recover the quantum numbers of the
proton, i.e.

1 1
/ [u(x) — u(x)] dx = 2; / [d(x) — d_(x)] dx = 1.
0 0

Eliminating the integrals ovar andd gives the Gottfried sum rule.
5.8 Substituting (5.22) into (5.23) and settifNg = 3, gives

R=3(1+as/7) ) €.

whereas is given by (5.11) evaluated 2 = EZ,, and the sum is over those quarks
that can be produced in pairs at the energy considered. At 2.8 Gelydlads quarks
can contribute and at 15 GeV thed, s, c andb quarks can contribute. Evaluatifiyy
then givesR ~ 2.17 atEcy = 2.8 GeV andR ~ 3.89 atEcy = 15 GeV. WherEgy
is above the threshold fart production,R rises toR = 5(1 + as/). (This ignores
the effect of weak interactions, which are not negligible at these energies.)

5.9 The Breit-Wigner form is given in Equation (1.80). Settifg= % andJ =1 (the
annihilation proceeds via photon exchange), gives

37h? Teel't
402 (E— Mcd)2+T12/4’

o =o(ete = f) =

whereM andTI" are the mass and total width Bf Also ge &~ Ecy/2¢ = Mc?/2c, so

_ 3n(hcy? Feel's
~ (Mc?)2  (E — Mc?)2 +T2/4°

Then, using the integral given,

6712(|”_|C)2
/UML(E)dE F(Mczyz = 10mb-Gev
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and

6r2(hc)?
/Uh(E)dE ~ Wﬂmrh = 300 I’lb~ GeV,

so thatl'y = 30I',,,,. Now, I' = I'ee + Iy, + ' + I'n, Which using lepton univer-
sality becomes
T =T+ 3T, = 33,
Finally, from thel',, integrated cross-sections we have, udin@, = 33/30,
I, =14 x 102 MeV and hencd, = 4.2 x 1072 MeV.

5.10 For elastic scattering/V> = M? and so from the definition (5.24)\2v = Q? and
hence

X = Q?/2Mv = 1.
From the definition
Q*=(p-p)* - (E—-EY/c,
we have
Q?=p2—2p-p +p? - E%/c?+ 2EE/c? — E?/c%
If we ignore the lepton masses, thpr= |p| = E/candp’ = |p’| = E'/c, so that

2EE
Q%= ?(1 — Ccosh).

Also, in the rest frame of the proton,= E — E’, so substituting this and the expres-
sion for Q? into the relation Mv = Q? gives the result.

5.11 A proton has the valance quark contgnt uud. Thus from isospin invariance the
quarks in the proton carry twice as much momentum asl tipgarks, which implies
a = 2b. In addition, we are told that

1 1
/xFu(x)dx +/de(x)dx = %
0 0

Using the form of the quark distributions with= 2b givesa = ‘é‘andb = %
5.12 The peak value of the cross-section is whEre= My, 2, i.e.

7 (0(2/Mwe®)?Tyg _ 4 m(hcy =
Omax = ar = = 3 (M 22 br(W* — ud) = 84 nh

The required integral is

1 1
Cpa(S) = / / oud{ E)U(Ke)d(xa) X, g
0 0
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where we have use@-invariance to relate the distribution functions for protons and

antiprotons. In the narrow width approximation and using the quark distributions
from Question 5.11,

11
Xu)3 (1—xq)° XuS
O‘pﬁs) = C// Xq s(1— WXd qudXd
00

where

_ 87 Tw

1
1—x,)° k3
Upﬁ(S):Cf% <1_X_u) qu,
k

wherek = (MWCZ)Z/S and the lower limitis becaude< x, < 1. The integral yields

Thus,

r
op(S) = 9 Y Wczomax[—(l + 9K+ K%+ K3 Ink — & — ok + 9Kk? + LK.

Evaluating this for,/s = 1 TeV givesk = 0.00646 andp; = 10.1 nb which is about
a factor of two larger than experiment.

Problems 6

6.1 A charged current weak interaction is one mediated by the exchange of a charged
W= boson. A possible example is— p + e~ + ve. A neutral current weak is one
mediated by a neutra® boson. An example is, + p — v, + p. Charged current
weak interactions do not conserve the strangeness quantum number, whereas neutral
current weak interaction do. Foy, + e~ — v, + €, the only Feynman diagram
that conserves bothe andL , is shown in Figure F.17.

Y
Vy u

ZO

e

Figure F.17

which is a weak neutral current. However, far+ e~ — ve + €7, there are two
diagrams (see Figure F.18).
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Ve Ve Ve €

Figure F.18
Thus the reaction has both neutral and charged current components and is not unam-

biguous evidence for weak neutral currents.
6.2 The lowest-order electromagnetic Feynman diagram is shown in Figure F.19.

et u

Figure F.19

The total cross-section is given by

2 1 1

do  2mwa?hic? 1
o= fd¢/dcose— ="~ |cosh + = cos

dQ ~  4EZ, 3 o

0 -1

47 o ?h2c?

=" —044nh
3ECM

The lowest-order weak interaction diagram is shown in Figure F.20.

ZO

+
et u

Figure F.20
With the addition of the weak interaction term,
do do do a?h?c?
— == — ) =—-1[14C,kcosd +cosa].
<d9> <d9>em+ <dQ>wk 4EéM [ - “ " ]
Then, using

1
oF = C/ [1+ Cyk cost + cos 0 ]d cosp
0
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and

0
og = C/ [1+ Cyk cost + cog 6 ]d coss,
-1

whereC = 27 a?h?c?/4E2,,, gives

4 CU) 4 C‘ll)
O'F=C|:§+ 2k:| and UBZC[é—Tk]
and so
Cuk .
Arg = ———, i.e. 8Agg = 3Cyk-
FB 2(4/3) FB k

6.3 The Feynman diagram is shown in Figure F.21.

~
0

>
1
ocCw

/)

L

The amplitude has two factors of the weak couplopg and oneW propagator
carrying a momenturg, i.e.

Figure F.21

. iy Jiv
amplitudecx W x M_év
becauseic ~ M, c? <« Myc?. Now,

T(A — pr~) o (@amplitude§ oc g,/ My,

and so doublingyy and reducingviyy by a factor of four will increase the rate by a
factor

2] /[ (2/4)"] = 4096

6.4 The most probable energy is given by
d dw
& (o) =°

2GZm2 4EZ
(2r)*Mof \"™° m,c?

which gives

> =0, i.e Ec=m,c?/2
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WhenEe ~ m,, c?/2, the electron has its maximum energy and the two neutrinos must
be recoiling in the opposite direction. Only left-handed particles (and right-handed
antiparticles) are produced in weak interactions. Since the masses of all particles
are neglected, states of definite handiness are also states of definite helicity, so the
orientations of the momenta and spins are therefore as shown:

_p%
Py «—
S, «— +— D,
P, «——m — S,

_>Sv

Figure F.22

Integrating the spectrum gives

m,c?/2
_ 2G3(m, ¥ / [Ez_ 4E3 }dEe:G.%(mMcz)s.
(2n)3(hc)® ¢ 3m,c? 19273(hc)é

Numerically,I" ~ 3.0 x 10~1° GeV, which gives a lifetime
t=h/T~22x10°%s.
6.5 (a) In addition to the decay — c+ e + ve, there are two other leptonic decays

(¢ = n~, T7)and by lepton universality they will all have equal decay rates. There
are also hadronic decays of the foom> ¢ + X whereQ(X) = —1. Examining
the allowedW qgq vertices using lepton-quark symmetry shows that the only
forms thatX can have, if we ignore Cabibbo-suppressed modesjaendsc.
Each of these hadronic decays has a probability three times that of a leptonic
decay because the quarks exist in three colour states. Thus, there are effectively
6 hadronic channels and 3 leptonic ones. So finally,

BRb— c+€e +ve)=1/9.

(b) The argument is similar to that of (a) above. Thus, in addition to the decay
77 — € + e+, there is also the leptonic decay  — pu~ + v, + v,
with equal probability and the hadronic decays — v, + X. In principle,
X = du andsc, but the latter is not allowed becausg + m. > m,. So the
only allowed hadronic decay is* — d + u + v, with a relative probability of 3
because of colour. So finally,

BRt™ —> € 4+ ve+v;)=1/5.

(The measured rate is 0.18, but we have neglected kinematic corrections.)
6.6 For neutrinosggr(v) = 0 andg.(v) = % So,

Fve = Fv“ = Fvr = F0/4',
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where
Ge M§C6
= ——=—
37+/2(hc)3
Thus the partial width for decay to neutrino pairg’is= 501 MeV. For quarks,

= 668 MeV.

gr(u, C, t) = —% andgy (u, ¢, t) = 3.

ThUSyFu =TI¢= %—gro. Also,
gr(d,s,b) =2 and g (b,s,d)=—=.

Thus,I'q = I's = Ty, = 22I. Finally,
Fq =) T, wherei =u,c, d,s,b-no top quark becaus&® > Mz. So,
i

3x13 2x10 59
rg = (2233 L 2x 30\ L 9 547 Mev
q ( 72 T2 ) 0=75'0

Hadron production is assumed to be equivalent to the productiam gfairs fol-
lowed by fragmentation with probability unity. ThuShagron = 3I'q, Where the
factor of three is because each quark exists in one of three colour states. Thus
Ihadron = 1641 MeV.

If there areN, generations of neutrinos witM, < Mz/2, so thatz® — vv is
allowed, then

[tot = Chadron+ l—‘Iepton‘i‘ N, i
whereTl ,; is the width to a specifiev pair. Thus

_ [tot — T'hadron — 1—‘Iepton

B | ¥y

(2490 7) — (1738+ 12) — (250+ 2)
N 167

which rules out values dfl, greater than 3.
6.7 The quark compositionsarB® = cu; K~ =su; z* = ud. Since preferentially
Cc — S, we have

N,

= 3.01+£0.05,

Figure F.23
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i.e. a lowest-order charge current weak interaction. HoweveDfor> K% 4 7+,
we have

Dt =cd: K°=ds n' =ud.

Thus we could arrange— d via W emission and th&/* could then decay tad,
i.e. w+. However, this would leave thé quark in theD™ to decay to ars quark in
the K° which is not possible as they both have the same charge.

6.8 The relevant Feynman diagrams are shown in Figure F.24.

u 14
"
-[d
T [u :\J\r\/< 70 [g q
Vi V4
Figure F.24

In the case of the charged pion, there are two vertices of strefigiiy and there will
be a propagator
1 1
QP+ M2 MIcE

because the momentum transfer (squa€@arried by theV is very small compared
to the mass of th&V. Thus the decay rate will be proportional to

<4/OZWA/Olw)2 _ Ol\%v

M& - Mg
In the case of the neutral pion, there are two vertices of streg@h, but no
propagator with &V-mass factor. (The effective propagator will depend on the mass
of the quark.) Thus the decay rate will be proportionakf, and sincexem ~ aw,
the decay rate for the charged pion will be much smaller than that for the neutral
decay, i.e. the lifetime of the® will be much shorter.

6.9 The two Feynman diagrams are shown in Figure F.25.

w u
d W } S W~
T [U K [U
Vu Vu
Figure F.25

Using lepton-quark symmetry and the Cabibbo hypothesis, the two hadron vertices
are given by

Qudw = Ow CoSfc  and Qusw = Qw Sinéc.
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So, if we ignore kinematic differences and spin effects, andyse 13°, we would
expect the ratio of decay rates is given by

_ Rate K™ — u~ +v,) gﬁsw

=tarf 6c ~ 0.05
 Rate f— — u— + V) gudw

The measured ratio is actually about 1.3, which shows the importance of the neglected
effects. For example, th@—value for the kaon decay is about 10 times that for pion
decay.

6.10 To a first approximation the difference in the two decay rates is due to two effects.
Firstly, 2~ — n+ e~ + 1. has|AS| = 1 and hence is proportional to $ifr., where
0c ~ 13 is the Cabbibo angle, where& — A +e + 1. has|AS| =0 and is
proportional to co%dc. Secondly, theQ-values are different for the two reactions.
Thus, using Sargent’s Rule,

sitfc [ Qsn\° 258\°
R~ ~ 0. =) =166.
cog ¢ (QEA) 0053( 82) 06

(The experimental value is 17.8.)

6.11 The required number of events produced must be 20,000, taking account of the
detection efficiency. If the cross-section is 606 x 1038 cn?, then the integrated
luminosity required is

2 x 10°/6 x 10738 = (1/3) x 10*? cm 2

and hence the instantaneous luminosity must.Bex310* cm~2s-1.
The branching ratio foz® — bb is found from the partial widths to be 15 %.
Thus, ifb quarks are detected, the much greater branching ratiéifes bb will
help distinguish this decay from the backgroundz8f— bb.
6.12 By ‘adding’ anl = 3 1 particle to the initial state we can assume isospin invariance
holds. ConsideE~ + S — A + 71' . The final state i$l =1, I3 = —1) and so is
the initial state becausig(S®) = —3 Thus the transition is pure= 1 and the rate
is|M12. ForE%+ & — A +7° the final state is again pute= 1 but withlz =
However the initial state is an equal mixturelo&= 0 andl =1, i.e.

|E*s°)=%|| =1,|3=0)i%|| =0,13=0)

and so the rate i% IM1|%. ThusR = 2. (The measured value is about 1.8.)
6.13 Integrating the differential cross-sections oy¢from 0 to 1) gives for a spir%—target
with a specific quark distribution

1 -1
[[ot+aia-vilay|| [ay| =ct+ick
0

NC(U)
O'CC(V)
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and

1

ONC ! -
Ucci?) = { [[gta-yr+ e dy} { / (1—y)2dy} = o + 304
0

0

For an isoscalar target, we must add the contributionsifandd quarks in equal

amounts, i.e.
oNC(v)i lare o2 12 2y + 1a2(d
UCC(U)(SOSC"" ary= g (u) + 39x(U) + gg(d) + 39r(d)
and
aNC(v) .
7 e soscalar)= G2(0) + 363) + 67 (c) + 3g4(@
Substituting for the couplings finally gives for an isoscalar target
aN(v) . . aNC®) ) )
—O—CC(V) :%—S"-IZQW"‘g_gSIn‘lQW7 m:%_sw]zgw_’_%)snﬁgw

6.14 The decay in question B — D{v, and the appropriate matrix elementMs,. The
analogous formula for the lifetimes is therefore

1 G%(mbc2)5 |Vcb|2

5 19273h(hc)® B(B — Dev)’

where my is the mass if the bottom quark, ar8(B — D¢v) is the branching
ratio.

UsingB = 0.11,7g = 1.6 x 10~'2 sandm, ~ 4.5 GeV/c? from Appendix E, and
Gr/(ho)® = 1.17 x 10°° GeV 2, gives|V¢p| = 0.032. (The actual value is 0.04.)

6.15 Direct substitution, withAq real, gives
MK — %% ~ 2 [V2d Re; — Ao
s NE
and
M(K? — 797°%) ~ 2—N [i V262 ImA, — aeiavo]
: V3
where second-order terms have been neglected. Thus

e —iV2d2 ImAY /A
©1-/2€5 ReAy/ Ao

ImA,

A

100 ~ e —iv2exp(A)

whereA = §, — §p and again second-order terms have been neglected.
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Problems 7

7.1 For thelLi nucleus,Z = 3 andN = 4. Hence, from Figure 7.4, the configuration is:

protons: (151/2)2(1p3/2)1; neutrons: (151/2)2(1p3/2)2

By the pairing hypothesis, the two neutrons in thg/2 sub-shell will have a total
orbital angular momentum and spin= S = 0 and henc@ = 0. Therefore they will
not contribute to the overall nuclear spin, parity or magnetic moment. These will be

determined by the quantum numbers of the unpaired proton in phe $ubshell.

Thishas] = g andl = 1, hence for the spin-parity we havé = %7. The magnetic

moment is given by
K = [9proton= | + 2.3 (sincej =1 + 3) = 1.5+ 2.3 = 3.8 nuclear magnetons

If only protons are excited, the two most likely excited states are:

protons: (151/2)2(1p1/2)1; neutrons: (151/2)2(1p3/2)2,

which corresponds to exciting a proton from thg, subshell to thep;» subshell,
and

protons: (131/2)_1 (1p3/2)2 : neutrons: (131/2)2 (1p3/2)2 ,
which corresponds to exciting a proton from #ig subshell to theps/> subshell.

7.2 A state with quantum numbelj = i% can contain a maximum number

N; = 2(2j + 1) nucleons. Therefore,N; = 16iffollows thatj = % andl =3 or 4.
But we know that the parity is odd and sinBe= (—1)', it follows thatl = 3.

7.3 The configuration of the ground state is:
protons:  (512)%(1ps/2)*(1p12)*(1ds/2);  neutrons:  ($1/2)°(1ps2)*(1py/2)®
TogetjP = %_, one could promote @;,> proton to theds,, shell, giving:

protons:  (51/2)%(1ps2)*(1p1/2) "1(1ds/2)>.
Then by the pairing hypothesis, the takg, protons could combine to give® = 0%,
so that the total spin-parity would be determined by the unpéameg proton, i.e.
iP= %_. Alternatively, one of theps,» neutrons could be promoted to ttg, shell,
giving

neutrons:  (&/2)°(1ps/2) *(1p1/2)*(1ds,2)
and theds,» proton andls,, neutron and could combine to giyé = 2%, sothatwhen
this combines with the single unpairg® = %_ neutron (the other twgP = %’_
neutrons would pair to givep® = 0*), the overall spin-parity i$” = %7. There are
other possibilities.

7.4 For$3Nb, Z = 41 andN = 52. From the filling diagram Figure 7.4, the configuration

is predicted to be:

proton: ... (2p32)*(152)%(2p12)%(100/2)t;  neutron: ... (2ds2).



Solutions to Problems 425

Sol =4, j =2 = jP = 9" (which agrees with experiment). The magnetic dipole
moment follows from the expression fQjpyown iN (7.31) with j =1+ % ie.
w=(j +23)un = 6.8un. (The measured value isIFuy.)

For33S,Z = 17 andN = 17. From the filling diagram Figure 7.4, the configura-
tion is predicted to be:

proton: - --(1ds2)°(2s1/2)%  neutron: - - - (1ds/2)"(251/2)%(1ds)2)".

Sol =2, j =2 = jP = 2" (which agrees with experiment). The magnetic dipole
moment follows from the expression fQheutron in (7.31) with j =1 — % i.e.
n=1[(1.91)/(j + 1)]un = 1.14un. (The measured value is@luy.)

7.5 From (7.32),
eQ= /,0(222 —x% - yd)de

with p = Ze/(%nbza) and the integral is through the volume of the spheroid
(x2 + y?)/b? 4+ 7?/a? < 1. The integral can be transformed to one over the volume
of a sphere by the transformations= bx’, y = by andz = aZ. Then

3Z
Q — E /// dx’ dy/ dz (2a2z/2 _ b2x/2 _ b2y/2).

//f x2dx’ dy’ dz' =

and similarly for the other integrals. Thus, by direct substitut@n; %Z(a2 —b?).
7.6 From Question 7.5 we hav® = 2Z(a? — b? and using Z = 67 this gives
a? — b? =131 fm?. Also, from Equation (2.32) we havé = 2rab?p, where

p = 0.17 fm~3 is the nuclear density. Thuap? = 2317 fm®. The solution of these
two equations givea ~ 6.85 fm andb ~ 5.82 fm.

7.7 From Equation (7.53),
ti» =In2/x = aRIn2exp@G),

But

Wl

1
4
/r/24nr’2dr’ -
15
0

wherea is a constant formed from the frequency and the probability of forming alpha
particles in the nucleus. Thus

t1/2(Th) = t12(CFH)R(Th)explG(Th) — G(CH)] R(Cf).

The Gamow factors may be calculated from the data given. Some intermediate quan-

tities are:
R =9.268fm(Th) 9.439fm (Cf),

(using R = 1.21(AY® + 41/3) and recalling thatZ, A) refers to the daughter nu-
cleus). These give

G =664 (Th), 548 (Cf)
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and
t1/2(Th) = 0.98e° x t1,5(Cf) ~ 3.9yr.

(The measured value is 1.9 yr.)

7.8 The JP values of thex® and theA are both%+ (see Chapter 3), so the photon has
L =1 and as there is no change of parity the decay proceeds via an M1 transition.
TheA® hasJP = §+ and again there is no parity change. Therefore both M1 and E2
multipoles could be involved, with M1 dominant (see Section 7.8.2). If we assume
that the reduced transition probabilities are equal in the two cases, then from Equation
(7.89), in an obvious notation,

o3
(2% = [Eygoﬂ 7(A9).
v

Thus,
(2% = (292/77) x (0.6 x 107%%) /0.0056= 5.8 x 107 % s,

(The measured value is.@+ 0.7) x 10720 s)

7.91In the centre-of-mass system, the threshold ff#S+ p — n+3‘Cl is
6.45 x (34/35) = 6.27 MeV. Correcting for the neutron-proton mass difference
gives the CI-S mass difference as 5.49 MeV and since in the positron decay
34Cl — 34S 4 et + ve, the energy released is

Q= M(A, Z) — M(A, Z — 1) — 2me,

the maximum positron energy is 4.47 MeV.

7.10 We need to calculate the fraction
-1

To To
F= 1(T) dT 1(T) dT
Jrolf

whereA =5 eV andl (T) = TY3(To — T)? with To = 18.6 keV. Evaluating the de-
nominator gives 1'607/2/105 and using the integral given, the numeratd'lbji/ A3/3.
Thus

F=

Ty/2A% 105 _219<A

3
R, =) =425x107%
3 161)? o)

7.11 The mean energY_ is defined by

o

0

-1

The integrals are:

/ T¥%(To — T)?dT = 55 T*?[63T§ — 90ToT + 35T7]
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and
/Tmaysn%T=ﬁgwq%ﬁ—4mﬂ+iﬂﬂ.

Substituting the limits givef = %To, as required.
7.12 The possible transitions are as follows:

Initial Final L AP Multipoles

gf g_ 1,2,3,4 No M1, E2, M3,..
gf { 1,2 No M1, E2

3" 3 2,3 No E2, M3

From Figure 7.13, the dominant multipole for a fixed transition energy will be M1
forthe3”™ — 3~ and2™ — 1™ transitionsand E2 forthg — 1" transition. Thus

we need to calculate the rate for a M1 transition with = 178 keV. This can be
done using Equation (7.89) and gives, ~ 3.9 x 10712 s. The measured value is
3.5 x 10710 s, which confirms that the Weisskopf approximation is not very accurate.

7.13 SetL = 3 in (7.88a), substitute the result into (7.86) and Wise=hT to give
I, (E3)= (2.3 x 10 *)E/ A% eV, whereE, is expressed in MeV.

Problems 8

8.1 To balance the number of protons and neutrons, the fission reaction must be
n+ 23U — 2Rb+ 122Cs+ 4n.

The energy released is the differences in binding energies of the various nuclei,
because the mass terms in the SEMF cancel out. We have, in an obvious notation,

Z — N)? z2
A(A) =3; A(AY?)=-926; A [u} =028, A [—} = 4859.
4A AL/3

The contribution from the pairing term is negligible (about 1 MeV). Using the nu-
merical values for the coefficients in the SEMF, the energy released per fission is
Er = 1585 MeV. The power of the nuclear reactor is

P =nEg = 100 MW = 6.25 x 10°° MeV s 71,

wheren is the number of fissions per second. Since one neutron escapes per fission
and contributes to the flux, the flux is equal to the number of fissions per unit area
per second, i.e.

_n_P
T 4nr?2 T 4nr2Eg

The interaction rat® is given by

=310x 107 st m=2

R =0 x F x (humber of target particles)



428 Nuclear and Particle Physics

The latter is given bynt = n x Np, where is Avogadro’s number amdis found
from the ideal gas law to be = PV/RT, whereR is the ideal gas constant. Using
T =298K, P =1 x 10° Pa andR = 8.31 Panmi mol~* K1, givesn = 52.5 mol
and hencenr = 3.2 x 10?°. Using the cross-sectionr = 10731 m?, the rate is
9.8 x 10t s,

8.2 The neutron speed in the CM system is
v — mv/(M +m) = Mv/(M + m)

and if the scattering angle in the CM systend jghen after the collision the neutron
will have a speed

v(m+ M cosd) /(M + m)
in the original direction and
Muvsing /(M + m)
perpendicular to this direction. Thus the kinetic energy is
mu2(M?2 + 2mM cosh + m?)

E(cos) = 2(M + m)2
and the average value is
1 1 -1
Efinal = E = / E(cosd) d cosd / dcosd | = REnial,
1 ~1

where the reduction factor i® = (M? + m?)/(M + m). For neutron scattering
from graphite, R~ 0.86 and afterN collisions the energy will be reduced to
Efina = RNEiniiar. The average initial energy of fission neutrons fréfiu is

2 MeV and to thermalize them their energy would have to be reduced to about
0.025 eV. Thus

N ~ In(Efinal/ Einitia) /In(0.86) ~ 120

8.3 From (1.57a), for the fission 6f°U, W; = JN(235)¢ and the total power output
is P = W; E;, whereE; is the energy released per fission. For the capturéty,
W, = IJN(238).. Eliminating the fluxJ, gives

_ N(238)p. [ P
~ N(235p¢ (_>

E¢
Using the data supplied, givat. = 1.08 x 10™ atoms s ~ 135 kg y L.

8.4 Consider fissions occurring sequentially separated by a small time intérvBhe
instantaneous power is the sum of the power released from all the fissions up to that
time. If E isthe energy released in each fission, then over the lifetime of the reactor, i.e.
uptotimeT, the power is given by, = nE/ T, wherenis the total number of fissions
andét = E/P,. The power after some timeafter the reactor has been shut down is

Pt)=3(T +t) ™ +3(T +t—58t) "2+ 3(T +t — 25t)"*2... 3712

We
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In this formula, the first term is the power released from the first fission and the last
term is the power released from the last fission before the reactor was shut down. To
sum this series, we convert it to an integral:

n=R,TE TR/E
Pit)=3 Z (T+t—nER) 2~3 / (T +t —nE/Py)“2dn.
n=0 ,
Settingu = (T 4+t — nE/Ry), gives
t
/ u~2 du = 0.075P [t %% — (T +t)"%7].

T+t

IO
P(t) =
® 3E

UsingT = 1 yrandt = 0.5 yr, gives a power output of approximately 1.1 MW after
six months.

8.5 The PPI chain overall is:
4(*H) — *He + 2e" + 2ve + 2y + 24.68 MeV.

Two corrections have to be made to this. Firstly, the positrons will annihilate with
electrons in the plasma releasing a further.@ = 1.02 MeV per positron. Sec-
ondly, each neutrino carries off 0.26 MeV of energy into space that will not be de-
tected. So, making these corrections, the total output per hydrogen atcss is16V.

The total energy produced to date i$6x 10*3 Joules= 3.50 x 10°® MeV. Thus,

the total number of hydrogen atoms consumed.81% 10°° and so the fraction

of the Sun’s hydrogen used is®% and as this corresponds to 4.6 billion years,
the Sun has another 73 billion years to burn before its supply of hydrogen is
exhausted.

8.6 A solar constant of 8 J cnt2s7! is equivalent to 25 x 103 MeV cm? s1 of
energy deposited. If this is due to the PPI reaction

4(*H) — *He + 2" + 2ve + 2y,

then this rate of energy deposition corresponds to a flux of
(5.25 x 10"3/2 x 6.55) ~ 4 x 10" neutrinos per crhper second.

8.7 For the Lawson criterion to be just satisfied, from (8.47),

LN {ogiv) tcQ
N 6kT

We havekT = 10 keV and from Figure 8.7 we can estimaigv) ~ 107> m3 s™L.
Also, from (8.46),Q = 17.6 MeV. So, finally,ng = 6.8 x 1018 m=3.

8.8 The mass of a-t pair is 503 u= 8.36 x 10-2* g. The number ofl-t pairs in a 1 mg
pelletis therefore 2 x 10°°. From (8.46), eact-t pair releases 17.6 MeV of energy.
Thus, allowing for the efficiency of conversion, each pellet releas®s 30%° eV.

The output power is 750 MW 4.7 x 1077 eV/s. Thus the rate of pellets required is
8.9 ~ 9 per sec.

8.9 Assume a typical body mass of 70 kg, roughly half of which is protons. This cor-

responds to A x 10?8 protons and after 1 yr the number that will have decayed

=1
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is 21 x 10%[1 — exp(—1/7)], wherer is the lifetime of the proton in years. Each
proton will eventually deposit almost all of its rest energy, i.e. approximately 0.938
GeV, in the body. Thus in 1 yr the total energy in Joules deposited per kg of body
mass would be 5 x 10*[1 — exp(~1/7)] and this amount will be lethal if greater
than 5 Gy. Expanding the exponential gives the result that the existence of humans
impliest > 0.9 x 10* yr.

8.10 The approximate rate of whole-body radiation absorbed is given by Equation (8.54a).
Substituting the data given, we have

A(MBq) x E,(MeV)
6r2(m2)
and so in 18 h, the total absorbed dose.80Q.Sv.

8.11 If the initial intensity islg, then from Equation (4.17), the intensities after passing
through the bone (surrounded by tissug),and tissue only, are

=167x 10%uSvh?

dD
—(uSvhh) =
dt(uv )

Ip ~ lgexp[—(upb + 2utt)] and Iy ~ lgexp[—ui(b + 2t)].
Thus
R = exp[-b(up — )] = 0.7
and hence
b=—-In(0.7)/(up — nt) = 25 cm

8.12 From Figure 4.8, the rate of ionization energy losses is only slowly varying for
momenta above about 1 GeV/c and given that living matter is mainly water and
hydrocarbons a reasonable estimate is 3 MeV@r?. Thus the energy deposited in
one year is B7 x 10° MeV kg!, which is 38 x 104 Gy.

8.13 Ingeneral, the nuclear magnetic resonance frequerfcydg | B/ jh. The numerical
inputwe useisj = 3, B=2T, u = 3.46uy, giving f = 10.8 MHz.

Problems B

B.1 (a) From the definitions of, t andu, we have

(s+t+u)c? = (P3 + 2pape + P3) + (P4 — 2paPc + PE)
+ (P4 — 2paPo + P3),

which usingp3 = mic? etc, becomes
(s+t+u)c? = 3mic® + mgc? + mgc? + mgc? + 2pa(Ps — Pc — Po)-
But from 4-momentum conservatiopa + ps = pc + Pp, SO that

(s+t + u)c® = 3mic? + m3c® + mic? + m3c? — 2p4
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and hence

S+t+uy= > m.

j=A.B,C,D

(b) From the definition of,

EAE
C’t = pa -+ P& — 2papc = mic2+mécz—2( /::Zc —pA~pc>.
For elastic scatteringd = C. ThusEa = Ec and|pal = |pc| = p, S0 thatpa -
pc = p?cosh. Then
c’t = 2msc? — 2(E4/¢* — p®cosd)

and usingg3 = p?c? + mac?, givest = —2p?(1 — cosh)/c?.
B.2 Energy conservation gives, = E, + E,, where

E. = ym,c?, E,. = c(mc® + p2)*/2, E, = p.C
and hence
(ym,c? — p‘,c)2 =c*(m2c® + p?). (1)
But 3-momentum conservation gives
Pu COSO = Py = yMyu, p. Sind = p, = E,/c. (2)
Eliminating p, andp, between (1) and (2) and simplifying, gives

2 2
(mz —my)

tang = ————.
2By2m2
B.3 Conservation of 4-momentum [, = p, — p,, from which
P2 = p2 + p? — 2p, p,. Now p? = m?c? for j = &, u andv, and

E:E,
—_pn'pv:mnEv:mnmle

Pz Py = c2

because®, = 0andE, = m,c? in the rest frame of the pion. Bip, | =qu| =p
because the muon and neutrino emerge back-to-back. phagm?2 — mg)c/2m;.
Butp = ym, v, fromwhichv = pc(p? + m2c?)~%2, Finally, substituting fop gives

mZ —m?
vElmearme ¢
mn+mﬂ

B.4 By momentum conservation, the momentum componen¥’afre:
px = —0.743(GeV/c), py = —0.068(GeVc), p,=2.595(GeVc)
and hence? = 7.291. Also,
pa = 4.686 (GeV/c)> and p3 = 0.304 (GeV/c).
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Under hypothesis (a):
Ea = (m2c* 4 picH)Y? =2.169 GeV and
Eg = (m%c* + p3c?)Y? = 0.740 GeV.

ThusEx = 2.909 GeV andMy = (E — pzc?)Y/2c~2 = 1.082 GeV/c?.
Under hypothesis (b):

Ea = (mic* + pac®)Y? = 2.359 GeV and
Eg = (m2c* 4 p3c)Y? = 0.569 GeV.

ThusEx = 2.928 GeV andMx = (E% — p%c?)¥?c~2 = 1.132 GeV/c2.
SinceMp = 1.86 GeV/c? andM, = 1.12 GeV/c?, the decay i\ — p+ 7.

B.5 If the 4-momenta of the initial and final electrons ag= (E/c,q) and
p’ = (E'/c, q'), respectively, the squared 4-momentum transfer is defined by

Q*=—(p' - p)?=—-2m>c?+2EE/c? —2q- (.

But E=E and |q/=|g|=q, so neglecting the electron mass,
Q? &~ 29?%(1 — cosf). The laboratory momentum may be found from (B.36):
c? c(s — m2)?

@ = g [57  —mo][s— e+ mo?] = =50

)

where the invariant mass squarsds defined bys = (p + P)?/c? and P is the
4-momentum of the initial proton, i.€2 = (mpc, 0). Thus,

s =m: + mg + 2m,E/c® ~ m§ + 2m,E /c%.
Substituting into the expression f@? gives
Q? ~ 2E?%(1 — cosh)/c?.
B.6 The total 4-momentum of the initial state is
Pt = [(E + mpc®)/c, pL].
Hence the invariant ma&¥ is given by
(WE)? = (EL +mpc®)? — pic?,

wherep, = |p_|. The invariant mass squared in the final state evaluated in the centre-
of-mass frame has a minimum valuer(¢)? when all four particles are stationary.
Thus, Enin is given by

(Emin + Mpc?®)® — pfc? = (4mpc?)?
which expanding and using
£2,,— pfc? = it

gives Emin = 7mpc? = 6.6 GeV.
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For a bound proton, the initial 4-momentum of the projectilefi§ Ac, p; ) and that

of the target isE/c, —p), wherep is the internal momentum of the nucleons, which

we have taken to be in the opposite direction of the beam because this gives the
maximum invariant mass for a givelf{ . The invariant masgV’ is now given by

(W'c?)? = (E{ + E)* — (p_ — p)’c® = 2mic* + 2EE + 2pp| c?.
Since the thresholdBmi, and Ep;;, correspond to the same invariant maag,4we
have

Finally, since the internal momentum of the nucleons i850 MeV/c (see Chapter
7), E &~ mpc?, while for the relativistic incident protong),, &~ Ef,/C, SO using
these gives

min ™

hin &~ (1= p/MyC) Emin = 4.8 GeV.

B.7 The initial total energy iSE; = Ex =mac® and the final total energy is

E: = Eg + Ec, where
Eg = (M3c* + p3cd)Y?, and Ec = (mac* + pic?)¥?

with pg = |pgl andpc = |pc|. But by momentum conservatigng = —pc = p and
S0

[Mmac? — (mac* + p2(:2)1/2]2 = (mac* + p’c?),

which on expanding giveEg = (M3 + m3 — mZ) ¢?/2ma.

B.8 Ifthe 4-momenta of the photons goe= (E; /c, p;)(i = 1, 2), then the invariant mass

of M is given by
M?c* = (E1 + E2)® — (p1 + p2)c® = 2E1Ex(1 — cos),

since
p1 - p2 = E1E»(1 — cosh)/c? for zero-mass photons. Thus,

cosd = 1 — M2c*/2E; Es.

B.9 A particle with velocity v will take time t = L/v to pass between the two

counters. Relativistically,p = mvy with y = (1 —v?/c®)~Y2. Solving, gives
v =c(1+ m?c?/p?)~Y/2 and hence the difference in times-of-flight (assuming

m; > myp) is
L m2c2 1/2 m2c2 1/2
At=— |14+ 2 —(1+ =2
c [( TR ) ( T )

mc? = mpc® = 0.938 GeV. myc® = m,c? = 0.140 GeV and pc=2 GeV,

Using

givesAt = (1.105— 1.002)(L /c) andL min = 0.58 m.
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B.10 In an obvious notation, the kinematics in the lab frame are:

v(E,.p,) +€ (m&, 0)— y(E,.p',) +e (E.p).

Energy conservation gives, + m¢ = E/, + E and momentum conservation gives
P, = P, + pe. From the latter we have

EZ — m’c* = c*(p +p? — 2p,.p)).
But p,c = E,, p,c = E, and the scattering angleds so we have
EZ - m’c* = E2 + E? — 2E, E/, cosf.
Eliminating E between this equation and the equation for energy conservation gives
E/ = E,[1+E,(1—cos9)/mc] .
Finally, usingE/, = E, /2 andd = 6, givesE, = 2mc = 1.02 MeV.

Problems C

Ci1

Cc.2

C3

The assumptions are: ignore recoil of target nucleus because its mass is much greater
than the total energy of the projectitgarticle; use nonrelativistic kinematics because

the kinetic energy of ther particle is very much less than its rest mass; assume
Rutherford formula (i.e. the Born approximation) is valid for small-angle scattering.
The relevant formula is then (C.13) and it may be evaluated usia@, Z = 83,

Exin = 20 MeV and? = 2(P. The result is ¢ /d2 = 98.3 b/sr.

From Figure C.2, the distance of closest approdéh whenx = 0. Forx < 0, the

sum of the kinetic and potential energiestig = %mu2 and the angular momentum

is mub. At x = 0, the total mechanical energy is

mw  Zzé€

_ + J—

2 4 eod
and the angular momentum isud, whereu is the instantaneous velocity. From
angular momentum conservatian= vb/d and using this in the conservation of total

mechanical energy gives® — Kd — b? = 0, where, using (C.9)K = 2b/cot(2).
The solution ford > O is

d = b[1+ cosecq/2)]/cot@ /2).

The result for small-angle scattering follows directly from (C.9) in the lignit> 0.
Evaluatingb, we have, using the data given,

. zZ¢ 27 e he 1
T 2megmu20 4 eghc ) me (v/c)20

The cross-section for scattering through an angle greater tiars Sthus

o =nmb? =755x%x 10726 m? and the probability that the proton scatters through

an angle greater thad & P = 1 — exp(~not), wheren is the number density of the
target. Usingn = 6.658 x 10°® m3, givesP = 4.91 x 1072. SinceP is very small

=155x 10 m.



Solutions to Problems 435
but the number of scattering centres is very large, the scattering is governed by the
Poisson distribution and the probability for a single scatter is
Py(m) = me™ = 4.91 x 1072, givingm ~ 0.052
Finally, the probability for two scattering is
P, = mPexp(-m)/2! ~ 1.3 x 103,





