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Chapter 9. Kinematics of Two-Particle Collisions

Problems

9-1. In an elastic collision of two particies, with masses my, and m,, the
initial velocities are u, and u, = 2u, (x # 0). If the initial kinetic energies of
the two particles are equal, find the conditions on uyfuy and myfm, so that
m, will be at rest after the collision.

9.2. Show that'
T, _ mi )
Ty (my +m)
where

Lo cos8—y)
S=C05Iﬁ +—_—(m”|,mz)

9-3. Show that 7,/T, can be expressed in terms of myfmy = and cos = y
as _

? =+ @) [ +at = 142 el 457 1] -

[ .

Plot T,/T; as a function of ¢ for a = 1, 2, 4, and 12, These plots correspond
to the energies of protons or neutrons after scattering from hydrogen (x = 1),
deuterium (z = 2), helium (« = 4), and carbon (¢ = 12), of of alpha particles
scattered from helium (@ = I), oxygen (x = 4), etc. o

9-4. A particle of mass m, with initial laboratory velocity 4y collides with.
a particle of mass m, which is at rest in the laboratory system. The particle
my is scattered through a laboratery angle ¥ and has a final velocity o,

where ¢y = #,(y). Find the surface such that the time of travel of the scattered

particle from the point of collision to the surface is independent of the scatter-

ing dngle. Consider the cases (a) m; = my, (b) m, = 2m,, (c) m; = 0. Suggest

an application of this result in terms of a detector for nuclear particles.

9-5. Show that the equivalent of Eq. (9.44) expressed in terms of @, rather
than i, is o : ' .
1+xcosf
o) = o) (1 + 2x cos 8 + x?)*2



9.6, Ca]calim the differential cross section o{f) and the total cress section
g, for the elastic scattering of a parl.lcle from an impenetrable sphere;
i.e., the potential is given by

0, >a
v = {oo. :ca

97, I, in the previous probkm the energy lost by the scattered particle to
the. lphcm is £, show that

docufe)= — d‘ ’ -,

‘Thus, show that in the center-of-mass system the energies of the scattered
particles are distributed uniformly.

‘9-8, Show that the Rutherford scattering cross section (for the case m1 =y}
can beexpreesed in terms of the recoil a.n,gle as

1
Funll) = Tz ey
9.9, Consider the case of Rutherford scatiering in the event that m; » m,
(i.c., the mass of the incident particle is much greater than that of the target).
Obtain an approximate expression for the differential cross section in the
laboratory coordinate system.

9-10. Consider the case of Rutherford scattering in the event that m; 3 m,.
Obtain an expression for the differential cross section in the center-of-mass
system that is correct to first order in the quantity m,/m,. Compare this
result with Eq. (9.53).

9-11. A fixed force center scatters a particlé of mass m according 1o the
force law F{r) = k/r>. If the initiat velocity of the particle is 1, show that
the differential scatteringeross section is

af)= 2:-m.|n 6 sin Q

The integral of this expression gives an infinite result for the total cross sec-
tion. However, if the force vanishes for r > 7y, show that there is some
minimum scattering angle 8;; express the result in terms of m, vy, #y, and
k. Then, show that the total cross secnon is

=2zJ n{ﬂ)sm 6d6 = nrl

1-



9-12. It is found experimentally that in the elastic scattering of newtrons
by protons (m, = m,) at relatively low energies, the energy distribution of the
recoiling protons in the lab system is constant up to a maximum energy which
is the energy of the incident neutrons. What is the angular distribution of the
scattering in the C.M. system?

9-13, Show that the energy distribution of particles recoiling from an elastic
collision is always directly propoﬂwnal to the differential scattenng cross
section in the C.M, system.*

* This result is d\_mw H. H. Barschgll and M. H. l;amwr,m:. Rev. 58, 590 (1540).
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Chapter 10. The Special Theory of Relativity

Problems

10-1. Show that the transfofmation equations connecting the K’ and K
systems [Eqs. (10.22)] can be expressed as

xy = x; cosh & — et sinh &

Xy =X x3 =X,
‘ Xy .
1 =tcashu——smh¢

where tanh & = p/c. Show that the Lofentz transformation corresponds to a
rotation through an angle ix in four-dimensional space.
10-2. Show that the equation
18 'P’
vy o
i o
is invariant under a Lorentz transformation but not under a Galilean trans-
formation. (This is the wave equatlon which describes the propagation of light
waves in free space.}

10-3, Show that the expression for the FitzGerald- Lorentz contraction
[Eq. {10.48)] can also be obtained if the observer in the K’ system measures
the time necessary for the rod to pass a fixed pomt in his system and-then
multiplies the result by o.

10-4. What are the apparent dimensions of a cube of side 1(in its own proper
frame) which moves mth a urufom velocity v directly toward or away from
an observer?

10-5. Consider two events that take place at different points in the K system
at the same instant r. If these-two points are separated by a distance Ax, show
that in the X’ system the events are not simultaneous but are separated bya
time interval &' = —py Ax/c?,

10-6. Two clocks, located at.the origins of the K and K’ systems (which have
a,relative velocity 8), are synchronized when the origins coincide. After a
mme t, an observer at the origin of the K system observes the K clock by
means of a telescope. What does the K' clock read?

1%



10-7. In his 1905 paper (see the translation in Lo23), Einstein states: ' We
conclude that a balance-clock at the equator must go more slowly, by a very
small amount, than a precisely similar clock situated at one of the poles under
otherwise identical conditions.” Neglect the fact that the equator clock does
not undergo uniform motion and show that after a century the clocks will
differ by approximately 0.0025 sec.

10-8. Consider a relativistic rocket whose velocity with respect to a certain

inertial frame is v and whose exhaust gases are emitted with a constant

velocity ¥ with respect to the rocket. Show that the equation of motion is
dv dm,

mnE+V—(l—B‘) 0

where my =my(t) is the mass of the rocket in its rest frame and f = pfe.

10-9. Consider an inertial frame K which contains 8 number of particles with
rest masses /g, ., ordinary momentum compenents ,a. jrand totalenergies E, .
The centeg-of-mass system of such a group of particles is defined to be that
system in which the net ordinary momentum is zero. Show that the veloeity
compenents of the center-of-mass system with respect to K are given by

o ;p;.i"

¢ Y E,

10-10. A common unit of energy used in atomic and nuclear physics is the
electron volt (eV), the energy acquired by an electron in falling through a
potential difference of one volt: 1 MeV = 10% eV = 1.602 x 107 ° erg. In these
units the rest mass of an electron is m, ¢* = 0.511 MeV and that of a proton.
is m,c* = 931 MeV. Calculate the kinetic energy and the quantities pandy
for an electron and for a proton each of which has a momentum of 100 MeV/c.
Show that the electron is ** relativistic "’ whereas the proton is * nonrelativistic.”

10-11. The energy of a light quantum (or photon) is expressed by E = hv,
where A is Planck’s constant and v is the frequency of the photon. The mo-
mentum of the photon is Avfe. Show that if. the photon scatters from a free
electron (of mass m,), the scattered photon will have an energy

E= 5[1 +;i-—,(_l -oosﬂ)]
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