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Questions (5 pts. apiece) Answer questions 1-8 in complete, well-written sentences WITHIN
the spaces provided.

1. The figure shows some trajectories for Rutherford scattering. What is the impact
parameter for each trajectory? What is the order of the beam energies from lowest to
highest? Explain.
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2. To measure the distance from star to planet ry, for an exoplanet we use Kepler’s Law
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where G is the Gravitational constant, T" is the measured period of oscillation, and M
is the mass of the star. How do we get the value of M,?

3. For an object (like Lt. Chisov) falling through the atmosphere, why does it reach a
maximum speed and stop accelerating (assuming the configuration of the object does
not change)? Explain.

4. For the oscillating biosensor you are designing for Homeland Security should it be an
underdamped or overdamped oscillator? Explain.



5. The Lagrangian for a pendulum of mass m attached to another mass M on a spring
moving horizontally (see the figure) is
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where k is a spring constant. What is the x component of the momentum?
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6. Can we integrate the equation below? Why or why not?

d
d_: = cotf

7. In the figure below showing the interaction of two nuclei in a scattering experiment,
clearly label the impact parameter b, differential impact parameter db, scattering angle
0,, differential scattering angle df, solid angle df2, and differential area dA.

Do not write below this line.



8. Two bodies undergo an elastic, one-dimensional collision along an x axis. The figure
below is a graph of position versus time for those bodies and for their center of mass
(CM). (a) Were both bodies initially moving, or was one initially stationary? Which
line segment corresponds to the motion of the CM (b) before the collision and (c) after
the collision? (d) Is the mass of the body that was moving faster before the collision
greater than, less than, or equal to that of the other body? Explain your results.

X

Problems (1-6). Clearly show all reasoning for full credit. Use a separate sheet to show your

work.
1. 8 pts.
2. 8 pts.
3. 10 pts.

A spaceship, moving away from Earth at a speed of v, = 0.9¢, reports back by
transmitting at a frequency (measured in the spaceship frame) of f = 100 M Hz.
To what frequency must Earth receivers be tuned to receive the report?

A massless spring of rest length ¢ and spring constant k& has a mass m attached to
one end. The system is set on a table with the mass vertically above the spring as
shown.

1. What is the new equilibrium height of the mass above the table?

2. The spring is compressed a distance below the new equilibrium
height and released. What is the new equation of motion of
the mass assuming the free end of the spring remains in contact
with the table.

Consider the equation for free fall with air friction

F:md—: = —mg + cv?
where m is the mass, ¢ is the acceleration of gravity, and c is the drag coefficient
where the terminal velocity v; = y/mg/c. Integrate this equation of motion to
obtain the position as a function of velocity xz(v). The position here is the distance
fallen by a sky diver in free fall. Get x(v) including any constants of integration
assuming the initial velocity is zero and the initial position is at the origin.

Do not write below this line.



4.

d.

6.

10 pts.

12 pts.

12 pts.

Consider a planet orbiting a star in a plane where the mass of the planet m,, is
much less than the mass of the star My so m, < M,. What is the Lagrangian
for the system? If the planet follows a circular orbit, then show, starting from the
Lagrangian
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where T is the period of the planet’s orbit and ry), is the star-planet distance.

r

Two masses m; and msy are connected by a spring of rest length ¢ and spring constant
k. The system glides without friction on a horizontal surface in the direction of the
spring’s length.

1. What is the Lagrangian for the system?
2. Starting from the Lagrangian, what are the equations of motion of the system?

3. Find the normal modes by assuming oscillatory solutions for each coordinate.
What are the corresponding frequencies?

The color force that binds quarks together in protons, neutrons, and atomic nuclei
has been successfully modeled using the potential energy

k
Vr)= "4k ki >0, k>0
r

where r is the quark-quark separation.

1. What is the force?

2. What is the angular momentum L of a bound quark with mass m on a circular
orbit of radius a in terms of ky, ks, a, and m?

3. What is the total energy F for motion of a bound quark with mass m on a
circular orbit of radius a in terms of k1, ks, a, and m?

4. What is the period of circular motion in terms of the same quantities?

Do not write below this line.
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More Equations, Conversions, and Constants

Speed of light (c) 3.0 x 10® m/s g
Gravitation constant (G)  6.67 x 107! N —m?/kg? Earth’s radius

Coulomb constant (k) 8.99 x 109X 55”2 Earth’s mass
Elementary charge (e) 1.60 x 107 C Proton/Neutron mass
Planck’s constant (h) 6.626 x 10734 J — s Proton/Neutron mass
Permittivity constant (ey)  8.85 X 10_12%;2 Electron mass
Permeability constant (ug) 47 x 1077 N/A? Electron mass
1 MeV 100 eV 1.0 eV
1 kg 931.5 MeV/c? 1u
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Pythagorean identities :

sin?0 +cos?0 =1 cos[i—x) sin x

tan?0 +1=sec?@ sin(%—x]=cosx
1+cot?6 =csc? e lan[%—x]=ootx
Reciprocal identities : cat[%—x] =tanx
cseX = —1— GSG[E—K]=SEGJ{
sinx 2
secx = —1 sec[i—x]zcscx
COS X 2
__ 1
tanx

Even - odd identities :
5inl:—x] = —sinx
cos(-x) = cosx

tan(-x) = —tanx

Product to sum formulas :
sinx-siny = %[ms[x—yj—m(3+y}]

COSX-COSy = %[ms{x—y}+cos{x+lf]]

sinx- oosy—i[sin[xﬂf]JrEi”(x_F”

cosx- slny_"[sm[x+y] sin(x— 3’”

Sum to product :

sinx £siny = Esln[x y] [ Ty ]
i

c03x+cosy:2cos(x+y] [

>¢I\J

]

COSX —COSy = —zsin[%]sin[ﬁ]

Double - angle formulas :

sin26 = 2-sinfcosd

€0s20 = cos? 0 —sin’H =1-2sin’ 6 = 2cos? 6 -1

tanQH:EL"g
1-tan< g

Co - function identities :

Periodicity identities :
sin(x + 2t) = sinx
cos(x 21 ) = cos x
tan(x £ x) = tanx
cot(x + xr) = cot x
sec(x * 2r) = secx
csc(x +2r)=cscx

Sum and difference formulas :

sin(x + y) = sinxcosy * cos xsiny
cos(x +y)=cosxcosy Fsinxsiny

tanx + tany

tan(x £y) = 17 tanxtany

Half - angle formulas :

sin[5J=+ 1-cosx
2

& 2
X |_ 4 |[1+cosx
m[2] 2
tan(i]={1_msx)
2 sinx
Law of sines:
a __ b ¢

sindA  sinB  sinC
Law of cosines :

a2=bp21+c2 - 2bccosA

2 2 2
A=cos™! b“+c“-a
(et

Area of triangle :
%absinc
\,I's{s ~a)(s-b)(s-c),

%[a+b+c]

where s =



# Hyperbolic sine:

nh ef — =% _ e 1 _ 1 — -2
2 2e* 2e~=
# Hyperbolic cosine:
coshiz — e +e® _ el +1 _ 1+e %
2 2e* 2e ®

* Hyperbolic tangent:
sinhz e —e™*
tanhz = =
coshz e +e*
e — 1 B 1-¢e %
e +1 1+4elr
s Hyperbolic cotangent: z # 0
cotha — coshz e +e™”
~ sinhz e* —eF
e +1 1+4e ™

el -1 1-—e2

* Hyperbolic secant:

1 2

s Hyperbolic cosecant: z # 0
1 2

csch z = — =
sinh x et —e*
2e®* 2e 7

e —1 1-e2

artanh(z) = %l.n(ii_:),m <1
arcoth(z) = %ln(m+i),|m| =1
T —

Odd and even functions:
sinh(—z) = —sinh =z
cosh(—z) = cosh z

Hence:
tanh(—z) = —tanh =z
coth(—z) = — cothz
sech(—z) = sech z
csch(—z) = —cschz



