Physics 251 final exam, Dec. 21, 2006. Here are some isot@ssas you might find to be of use:

iHe:  4.002603 l42Xe: 141.929701 Cs:  142.927330 1#Cs:  143.932030
I5Cs:  144.935390 43Ba:  142.920617 144Ba:  143.922940 15Ba:  144.926920
Us| a: 142.916059 #La:  143.919590 5la:  144.921641 35U:  235.043923
26U:  236.045562 27U:  237.048724 23U:  238.050783 Z9U:  239.054288
2Np:  237.048167 25Np:  238.050941 29Np:  239.052931 29Pu:  239.052157
28AM:  235.048032 29Am: 239.053018 29Am: 240.055288 Z°Cm: 239.054951
20cm:  240.055519 2Cm:  241.057 647

1. Light from the3p — 2d transition in hydrogen in atoms in a distant galaxy is obsérat a
wavelength of\ = 850 nm. What's the velocity of the galaxy relative to earth?
Answer: The photon energy of the transition is given by
12 12
AE = By — By = (=13.655) — (~13.63;) = 1.89 eV
so that its wavelength i§, = hc¢/E = (1240/1.89) = 656 nm. If it's instead observed at
a wavelength o = 850 nm, we haver/1, = A/ = 656/850. The relativistic Doppler
shift for a receding source involvés= 0 in

B 1 B 1 B V1—p?
v= V07[1+60059]_V07[1+ﬁ]_yo 1+7
_ JU=-90+8)  JT=7
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B((%)QH) = 1- ()

1—(v/r)? 1—(656/850)
1+ (v/m)2 1+ (656/850)2

or 3 = 0.253, givingv = B¢ = (0.253) - 2.99 x 108 m/sec or7.65 x 10" m/sec.

~—

2. Sketch the curve of nuclear binding energy per nucleoargivom the liquid drop model,
giving an accurate scale of MeV/nucleon. Indicate what elenias the strongest binding
energy per nucleon. Name the process by which heavier etsrapproach the element of
strongest binding energy per nucleon. Name the process igh\Whter elements approach
the element of strongest binding energy per nucleon. Yotireeanswer should fit on one
blue book page.

Answer: Here’s the relevant curve shown “upside down” (that is, thneling energies are
negative):



Binding energy per nuclear
particle (nucleon) in MeV

3. Put the following discoveries in chronological orderdanatch the most relevant formula

Fa

Mass Number, A

and the discoverer’'s name with each discovery.

Matter waves

Wave equation
Blackbody distribution

Special relativity

Half-integer-spin statistics E hv —

Small, dense nucleus
Photoelectric effect

Quantized atomic orbitals ——W + Vi =FEvy

Answer:

Blackbody distribution
Photoelectric effect

Special relativity
Small, dense nucleus

Quantized atomic orbitals L = nh

Matter waves
Wave equation

Half-integer-spin statistics f(F) =

4. Al¥'Ba nucleus undergoes decay. What is the maximum kinetic energy and the velocity
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exp[(E—EF)/kBT}-l—l

of the emitted electron? (Assume that the neutrino caregdigible kinetic energy).
Answer: First of all, the mass of an electron in atomic mass units is

510.998 x 10% eV/c? -

lu

031.494 x 105 eV/c?

2

= 0.000 549 u.



Next, the decay we're consideringiigBa — 13! La+%, 3~ + v which has a mass change of
(mass before- mass after = (143.922 940 — 143.919 590 — 0.000 549) = 0.002 801 amu

which we can express in MeV as

031.494 MeV/¢?
amu

(0.002801 amu) - ¢ = 2.61 MeV

We then go from an atom at rest to an atom and electron flying/ dwen each other.
Because the atom is massive and the electron is very lightldctron will carry nearly all
of the kinetic energy so its maximum energy will be about M&\/c?. Its velocity can be
found from KE=<{~ — 1)mc? giving

KE 2.61 x 10° eV
L RE —6.11
T e T T 510008 x 107 eV

so the electron is quite relativistic. We can find the velofribom
B 1
/7 - /1 — /62

1 2
7 -

B = \J1-1/72=/1-1/6.112 = 0.987

sov = (0.987c¢.

. Sodium is a monovalent metal having a density of 0.971 ¢&nd a molar mass of 23.0
g/mol. Use this information to calculate A) the density obae carriers, B) the Fermi
energy, and C) the Fermi speed for sodium.

Answer: For sodium, the atom number density is

N pNy (0971 glen?) - (6.02 x 10? atoms/mo)

e = = 22
% i 23.0 gimol 2.54 x 10%? atoms/cm

and since it is monovalent rather than di- or trivalent them@ne valence electron per atom.
The Fermi energy is then

h? (3N)2/3_(h) (3]\7)2/3
8m \1 V C 8me2 \1V
(1240 eV-nm)2 (107 cm)’ (3 b 1 )2/3

—(2.54 x 10 —; =3.15eV
8- (511 x 10% eV) 1 nm (254 10 cm? sloe

™

Er =

The Fermi speed is found frofi /2)mv? = Er which gives a Fermi speed of

Yo (3.15eV) )
- — 0.00351c = 1.05 x 10° m/s
vr = \/ \/511 <105 Vi@ ¢ %

3



6. 2Pu alpha decays with a half-life @f41 x 10* years. Calculate the energy of the alpha
particle, or if you can’t, assume that it is 10 MeV. Compute plower output, in watts, which
could be obtained (at 100% efficiency) from 1.0 kg of “fre$t¥Pu. Thermal power sources
like this have been used to power some craft launched to deep space where sunlight isweak;

a recent example isthe Cassini probe to Saturn (theteamisled by a woman who earned her
B.A. in Astronomy at Stony Brook).
Answer:

The reaction i§3’Pu—3 a +23° U. The energy released per decay is
Q = mpy— mq —myy = 239.052157 — 4.002 603 — 235.043 923 = 0.005631 u

or 0.00563 - 931.494 = 5.29 MeV. Now we will want to know the number of seconds
per year:

(60 s/m) - (60 m/h) - (24 hid) - (365 dly) = 3.15 x 107 sly.

The activity is given byR = AN or, sincet;, = In 2/, the activity is

In2 mN
R = AN =214
12 A
B log 2 1y 1x10%g 6.02 x 10* atoms
241 x10%y 3.15x 107s 239.052 g/mole mole
_ 230 x 1012 48RS
sec
The power is then
29 x 106 eV
529 X 1078V ) 4 o 1012988 | (00 107190 _ 105w
decay C eV

7. Let’'s assume that you are at Times Square on New Year’s @ ¢errorist releases some
finely ground powder of*°Pu into the air. You inhale one 0/ig particle which becomes
permanently lodged in your lungs. Let’s assume that thesgfjainticles created by its decay
deposit 50% of their energy within a distancel6f? cm in tissue. Assume that the tissue
has the density of water.

A) (8 points) What is the radiation dose in Gray received hy tissue over the course of a
week?

B) (2 points; if you don’t have an answer to part A, assumedisalt is10* Gray). What can
you say about how large a dose this is?

Answer: This isn’'t needed for solving the problem, but a mass of ;ig0of Pu can be
contained within a sphere of diametegiven by

1/3 . N 1/3
1.0x1
pom__m g (3my (30X e 105 em
\% 4dtp

(4/3)mr3 47 -19.8 glen?
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or 11 um. A particle of this size (about the size of a cell) is easilgasted or inhaled.
Anyway, to solve the problem and estimate the dbsgou need to multiply the activity?
by the energy per decay and the duration of 1 year, and diwidadmass of tissue. Let’s
start by getting the activity? in decays per year:

log 2 N
R = AN =82 174
t1/2 A
B log 2 1x1077g  6.02 x 103 atoms
241 x10*y 239.052 g/mole mole
ing atom
o 10 decaying atoms
year

We can now calculate the dose (ionizing energy per masssitedon the tissue over a week
or 1/52 of a year, assuming half is deposited in a sphere afsad—2 cm:
R-t-F
p- (4/3)mr3
(7.2 x 10° decays/y- (1/52y) - (0.5) - (5.29 x 10° eV/decay - (1.602 x 10712 J/eV)
(1 glen?) - (4/3)7(10-2 cm)3 - (10-3 kg/g)

D =

= 1.4 x10* J/kg

or 14,000 Grays. Since Lfp ~ 5 Gray, this is a very high local dose and your goose is
cooked. (Actually, LD}, refers to a whole body dose and your gastrointenstinal &adt
central nervous system show the most sensitivity to ramhatose; the likely effect of the Pu
particle is to cause lung cancer through this very high iaedlradiation dose).

. In a piece of rock from the Moon, tiéRb content is found to b&.82 x 10'° atoms per
gram of material and th€Sr content is found to b&07 x 10° atoms per gram. The relevant
decay is*’Rb —8" Sr+ 3~ with a half-life of 4.8 x 10'° years. Determine the age of the
rock, assuming that there was #&r present when the rock was formed.

Answer: In one gram of material we havé = 1.82 x 10'° atoms of®"Rb, andB =
0.107 x 10'° atoms of*’Sr. If we started out with aff’Rb and nd®”Sr, we could say that
(A + B) representsVy, the initial number of"Rb atoms, and! represents the number left
after decay. We would then have

N = Noexpl-M] = Ny exp[—In(2) ]

t1/2
t
A = (A+ B)exp[—1In(2) —]
t1/2
A t
1 — _In(2) —
H[A+B] n2)
A+ B t
ln_[ } = In(2) —
t1)9 {A + B} 4.8 x 10"%years, [(1.82+0.107) x 10 9
t 1 = = 3.96 x 10” years
m2) "l A n(2) YT IRz x 1010 Y



or 3.96 billion years old. If in fact the “fresh” rock alreadyad some’Sr in it, then the
initial number of atoms of’Rb would be(A + zB) with = < 1 and we'd get an even older
age for the rock.

. Choose one of the following questions to answer. Your ansmnust be contained within
two facing blue book pages. You don't have to use completéeseas, but you do have
to convey a logical ordering to your answer; that is, a cleal shorter answer is preferred
to two pages of scribbling everything you can think of whichymor may not be relevant.
Diagrams and relevant equations are encouraged.

e How does a laser work?

e How does a nuclear fission reactor work?
e How does a diode work?

e How does a fission bomb work?

Answer:

e Laser: should mention population inversion, stimulated sipontaneous emission ver-
sus absorption, Einsteift and B coefficients, optical cavity, pumping.

e Fission reactor: should mention isotope enrichmerttdd (from 0.7% to 2.5-3.5%),
neutron-induced fission releases 2.5 neutrons plus 210 M¥yed neutrons make
controllability possible, critical mass, water or graghihoderators, heat transfer to
drive steam turbine.

¢ Diode: should mention location of Fermi energy in a band gapants produce donor
states just below conduction bandtfpe) and acceptor states just above valence band
(p type), atn-p junction one gets a voltage bias through charge transfesttthg Fermi
energies to match, net result is strong conduction for foiveéas of 0.6V and near-zero
conduction when reverse biased.

e High degree of isotope enrichment (70%?%RU?), fissionable isotope (usualy’U
or 29Pu), one neutron-induced fission releases about 210 MeV2fuseutrons to
trigger chain reaction, rapid assembly of critical masgjehenergy release from a
compact package.



