22.02 Intro to Applied Nuclear Physics

Final Exam
Monday, May 16, 2010 Solutions

Problem 1: Short Questions 30 points

1. What characteristic of the nuclear force explains the volume term in the semi-empirical mass formula (in other
words, it explains why the binding energy is almost proportionaltd® ~ a,A)?

The nuclear force is charge-independent and very short range. Thus each nucleon (irrespective of being a
neutron or a proton) is interacting mostly only with a constant number of neighbors, gi/irgAd and not with
all other nucleons, which would giveé ~ A(A — 1)

2. What is the spin of the deuteron? What is the degeneracy of this state? What characteristic of the nuclear force
determines the deuteron spin?

Since the nuclear force has a spin-dependent part, it is more energetically favorable for the deuteron to be in a
spin triplet state. This state has a trifold degeneracy

3. Inthe shell model, we fill up the energy levels with nucleons, based on the degeneracy of each level, to determine
the occupied levels and e.g. obtain the nucleus spin/parity assignment. Why do we consider neutrons and protons
separately in filling the levels?

When predicting the nuclear structure of nuclides, each level cannot have an arbitrary large number of protons
and neutrons with that particular energy, since these particles are fermions, to which the Pauli exclusion prin-
ciple applies. Hence only a number equal to the degeneracy of each level can be fitted in each level. However,
neutrons and protons are different particles, non-identical, so the Pauli’s principle does not apply to a mixture
of them.

4. We used the Fermi golden rule to obtain the decay rate for gamma and beta decay. What are the two factors in
the Fermi Golden rule and what is their meaning?

Besides numerical factors, the Fermi golden rule is given by the product of the matrix element and of the density
of states. The first one gives the probability of a transition from the initial state to a final state. The second one
multiplies this probability by the number of states available, to finally give the total transition rate

5. What conservation laws determine the selection rules in gamma decay?
Parity conservation and total angular momentum conservation

6. Consider an experimental setup where a beam of alpha particles are fired at a thin gold foil. Alpha particles are
then detected at a certain angle from the initial beam direction. What type of cross-section is an experiment like
this measuring?

Since we only measure the scattered beam at a particular angle, we are measuring the differential cross section
do /dS2. Inthe particular case of alpha particles scattered by nuclei, this correspond to the Rutherford scattering
Ccross section

7. If the target of the alpha particles was not a thin foil, what competing process would determine the scattering
and slowing down of the alpha particles? Estimate the maximum energy loss per alpha particle for each collision
in this process.

While in the previous experiment there is a certain probability to scatter against the nuclei, in general it is more
probable that scattering happens with the much more abundant electrons in the material. Then the process is
measured by the Coulomb cross-section. Because the electron is much less massive than the alpha particle,
in a head-on collision the electron acquired twice the initial alpha velocity = 2v,, thus from momentum
conservatiomE, = T, = $me(2va)? = 2mevq OF AE = 4Eme/mq,.

8. Although it is not as strong as the Nuclear force, Coulomb interaction plays a major role in determining the
viability or the rate of many nuclear and radiation phenomena. Name some of these phenomena and explain
briefly what is the role of the Coulomb interaction.



Coulomb interaction, as we just saw, plays a major role in scattering of charged particles from electrons and
nuclei. Also, through the Coulomb barrier, it determines which radioactive decay is viable or not — and its rate.
This is the case of alpha decay vs. C-12 or other types of decay. Also, the Coulomb barrier makes it hard to
fusion two nuclei together (fusion is then possible only at high energies) and it requires to bombard fissile nuclei
with neutrons for fission to start.

9. True or False: Uranium is much more effective than water in thermalizing neutrons because the scattering cross
section in Uranium is of order ten times larger than the neutron-hydrogen cross section.

Since the energy lost in a neutron-hydrogen collision is much more than in a Uranium-neutron collision, this
statement is false. This is reflected in the fact that we need only 18 collisionsHwitir thermalization while
2200 with U.

10. Above what energy can we observe pair production in the interaction of the the e.m. field with matter? Why?
We need an energy > 2 x m.c? ~ 1.022MeV (or twice the rest mass of the electron).

Problem 2: The life of Polonium I: Alpha decay vs. Spontaneous fission 10 points

Consider the isotope of Poloniugl,' Po. This is a very unstable nucleus.

a) What is the Q value of the alpha decay? What is Q for spontaneous fission (e.g. into two Molybdenum fragments)?
Qo = (mpo — mpy — my)c? = 8MeV,Q s = (mpy, — Maro—106 — Maro—106)¢> = 141MeV

b) Do you expect spontaneous fission to be a competing decay process for alpha decay? Why? Give some simple
guantitative argument to support your answer.

Hint: m(P0-211)=196526 MeV7#¢ m(Pb-207)=192790 MeV?¢ m(x)=3728 MeV/&, m(Mo-105)=97726 MeV£,
m(Mo-106)=98659 MeV/t.

Even if fission seems to be more energetically favorable, the Coulomb barrier is much lower for alpha decay, as the
productZp, Z, < Z3,,, thus the probability of tunneling through the barrier is much less for the fission process.

Problem 3: The life of Polonium II: Shell Model 12 points

We now focus on the alpha decayZzf Po and its products.

a) The product of the alpha decay is Lead-28 Pb). Based only on filling the levels of the shell model (see the
level scheme attached), what is the spin/parity assignment of this nuclide?

We have 125 neutrons, with the last unpaired neutron in %ﬁelével. Thus the spin should H§ and the parity

I = (—1)" with I = 6, then even parity.

b) The Ievelz'1—23 is part of the shell which gives rise to the magic number 126 while the iéj;dis in the next shell.

What part of the nuclear interaction is responsible for this splitting? Calculate the energy splitting between the levels.

The spin-orbit couplings splits the two levels. The splitting can be calculatedifipra ‘gz - & The dot product is
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Notice you did not need to calculate that. Simply, you could have calculated the difference in eAdrgy:
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c) Another characteristics of the nuclear force makes the naive spin/parity assignment you gave in question a) improb-

able. A rearrangement of the nucleons in the shell gives a lower energy, resulting in which spin/parity assignment?



The pairing force tends to pair up nucleons of the same type. This pairing lowers the energy and the energy gain is
much more pronounced the larger the angular momentum. Thus, we expect that a neutron will jumﬁftddheli

to leave only pairs in that level. The remaining unpaired neutron is likely to be iﬁpt@éevel (which has very lowy

and is still close in energy tol—}.)
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Figure 1: Unclosed shell filling for ground and excited states (open circle indicate a missing neutron). Related gamma
decay levels.

Problem 4: The life of Polonium Ill: Gamma decay 16 points
Following the alpha decay froft!Po,2°"Pb is left in an excited state with spin/parly and energy 897keV. The
nucleus decays from this state by gamma emission to the ground state.

a) What are the permitted multipoles and which multipoles are most likely to be observed? Give the approximate
ratio of the two most probable decay mode rates.

Considering the transition fron§_ to %_, we have no change in parity and possible angular momentum given by
3 + 4 = {2,1}. Thus we have an E2 or M1 transition. It is known that the ratio between the rates of these two
transitions is usually about0—3. This is confirmed by using the rates given in the appendix:

AE2) 7.3 x 10TAY3ES
)\((Ml)) "5 g NETIE 1074(207)*30.9% ~ 1.6 x 1073

Considering the transition frong_ to §+, we have change in parity and possible angular momentum given by

B3 <1 <B+3={506,78}. Thuswe have E5, M6, E7,M8 transitions, with E5 the most probable. It is known

that the ratio between the rates of the two strongest transitions (E5 and M6) is usuallyl@bdut



b) Detection of gamma rays with lower energies (328keV and 569keV) indicates that there is an intermediate level

between the{ excited state and the ground state. The observed multipoles are M1 (associated with the energy
328keV) and E2. With the help of the selection rules and of the shell structure, find the spin/parity of this intermediate
level and its energy above the ground state.

Because the two transitions have different energies, they must arise from the decay between different energy levels.
Thus one will be associated with the decay from the excited to the intermediate level and the second from the interme-
diate level (first excited level) to the ground state (see also figure 1). Also, you must ensure that both these transitions
respect the selection rules in a consistent way when finding the spin-parity of the intermediate level. The transitions
observed, E2 and M1, imply no change in parity, thus the parity of the intermediate level must be odd. Thus we are
looking for a state witli odd, and we can then focus on the= 5 shell levels, which havieodd, without needing to

look in the higher shell. If the M1 transition were from the intermediate level to the groundlisfatme level spin

parity could only be;—’f, but this is not possible (since we already know that that is the second excited state). Thus,
the order of the transitions is M1 fror%f to the intermediate level and E2 from that level to the ground state. Finally

to have aAl = 1 from %_ andAl = 2to %_ the only possible intermediate Ievel2’$§. From the gamma energy,

this level is predicted to be 569keV above the ground state.

Notice that considering the ground state to@ér would have led to a contradictory result here.

c) Based on your previous answers and what you found in Problem 3, draw a scheme of the unclosed’8Heb for
showing the level occupancy for the ground state and the two first excited states (involved in the gamma decay) that
explain the various spins and parities you found.

See Figure 1

Problem 5: The life of Polonium IV: Radiation products 10 points

a) What is the stopping power of the emitted alpha particles in Polonium? Do you need to worry a lot about their
effects on nearby people?

The stopping power is-4£ = (27r7°§g—§ In A)ne2mev? =~ 40barns x84np,m.c?3~2 = 40 x 10~ 24cn? x 84 x
2.5 x 10%%2cm3 x 0.511 MeV 32 ~ 423~ 2MeV/cm.3 can be calculated from th@ value you found in Problem 2,
assuming that the speed is non-relativistig:= 1m,v2 = 1myc?6?, from whichs? = 2Q/(mac?) ~ 16/4000 =

4 x 1073, Finally we have—% ~ 10*MeV/cm thus the alpha will most probably be stopped inside the Polonium.
A second way to calculate this is the following: From% = onAE, with AE = 2mv2 = 4Eme/m, ~
480.511/4000MeV =~ 4 x 10~3*MeV. Ando,. = (2wr§g—§lnA) = 2(4nr?)10/8* = 20/B*barns, and with3? ~

4 x 1073 (see abovey, ~ 1.2510~ Bcm2,

b) What interaction(s) will be most probable for the gamma rays emitted in the Pb decay ?

Given the high energy of the gamma rays, Compton scattering is the most probable reaction.

¢) What is the maximum energy lost in such a scattering?

The change in the wavelength\ for Compton scattering was provided in the appendix\ = ;%’z. Then\ =

A+ fnLj:. In terms of frequencies, we hagg¢ = 22¢ 4 %- This givesiw’ = mmeczw The energy lost is then

w cc2thw”
AE = m(% -1)= —% Notice that even i oc 1/ of courseAw = w’ — w # 2.
Problem 6: Deuteron 12 points

A simple model for the Deuteron is a square well with defgitand width Ry (here we neglect the spin effects). Itis
known from experiments that the bound state has angular moméntuin(that is, the state with= 1 is unbound).

a) Use this knowledge and simple arguments requiring the wavefunction to “fit” in the well, to find the range of
parameterd,, and R, consistent with the experimental evidence.

You can take the neutron and proton mass to be bath = 938MeV, hc = 200MeV fm and consider the angular

2
momentum potential at the minimum distariGe= %.
0

Hint: Note that this experimental evidence does not set a rangé fand R, separately
For the deuteron to be bound in the center of mass square well, we need the wavefunction to fit inside the well. This
happens if the wavelength of the wavefunction is such that it has a negative slope at the boundary,otavhdry.



This sets the wavenumber ko~ Tho The wavenumber is limited from above by the condition that the total energy
is negative, or the kinetic energy is less than the potential deﬁj&ﬁi < Vb. At the same time, we know that the

states withh > 1 are unbound. This means tﬁ%ﬁi > Vo — M Withk = 2R , we have then the conditions:

% <VoR?% < ’%2 (2 + %2) This sets a range of allowed values for the proddgk?.
Now, p = m/2 = 938/2MeV. Then the range is

h%c? h2 2 w2 (200M eV fm)*n? (200M eV fm)? 72
< VoR2 2 <VoR:< o =
S/w 0ffo < T3 ( + 8) T T 1% 938MeV 070 ™ 938 /2 M eV ( + 8)
9 x 104MeV fm? 24 x 10*MeV fm?
. VIm~ _ypz < 24X VM 100MeV fm? < VoR2 < 270MeV fm?

938 938

b) Show that if the excited state with= 1 is unbound, then also the first radial excited state With0 is unbound.
The first radial excited state should haxe= )/3 to fit inside the well. Then the kinetic energyFs = %’f =

9’%2 = M’i}; 9r? Because"— > ( 2), E; >V, and the state is unbound for any combinatidry, Ry} such

thatVoRE < 22 (2+ %),

Problem 7: Mass Parabola and Beta Decay 10 points

The semi-empirical mass formula (SEMF) gives an expression for the binding energy as a function of the mass number
A and the proton numbeéf:
_ _ 2
B(Z,A) =a,A— agA%/3 — acZ(Z D) (A-22)

_ —3/4
17 Asym 1 + dapA

a) What terms in the SEMF arise from the “liquid drop model” that considers the nucleus as a uniformly dense drop
of a fluid composed by nucleons and which ones arise from quantum-mechanical considerations? (Explain briefly)

The first three terms assume that the nucleus is a uniformly dense fluid (the Coulomb term is calculated assuming a
uniformly charged sphere). The last two terms instead take into account quantum-mechanical considerations. The
asymmetry term takes into account the fact that if we increased the number of neutrons — in order to decrease the
number of protons and thus the Coulomb repulsion — these would have to occupy higher energy levels because of the
Pauli exclusion principle, leading to an higher total energy. The pairing term describes the tendency of nucleons to
pair up, to achieve zero angular momentum (and thus reduce the spin-orbit interaction).

b) Consider the nuclear mass as given by the SEMFfer 65. What is the shape of the curié(Z, A = 65)?

At fixed, odd4 (for which the pairing termis zero), the binding energy variation is given by the Coulomb and symmetry
term: B(Z) ~ cst.— ac% — Usym (A’jz)z. When considering the functiavl (Z, A) both these terms describe
parabola as a function of (see figure 2).

—1
¢) The minimum mass is reached f&,;, ~ 5 (1 + 3 A%/3 _Ge ) ~ 29.

Gsym

This correspond to the isotof§gCu. Sketch the shape of the curV&(Z, A = M
65) and show approximately on the plot the Masse§,6iu and of its neighbor-
ing isotope$®Ga,®Zn, °Ni and® Co. bsCo
The Z number for each of the isotope is found from the periodic table and we
can make an approximate sketch. 2N 02N

d) SinceSCuis the nuclide that is more tightly bound, it is the only stable nu- »Cu z
clide. By what process(es) do the other nuclides decay toward the stable nuclide?
Write the reactions involved, making sure to show all the decay products. Figure 2: Mass formula

Beta decay is responsible for achieving the stable configuration. More precisely,

the isobars withZ > 29 will try to loose protons and transform them into neu-

trons, decaying by™ or electron capture. The isobars with < 29 will decay ty 5~ processes, converting neutrons
into protons:

1Ga

6"00 —>6‘) Ni+p3 +v
6"Nz —>65 Cu+p8 +v



65Ga—>65Zn—|—6+—|—1/ or g?Ga—i—e —>30Zn+u
0Zn =S Cu+pT+v or S9Zn+e” =S Cu+v

Appendix: Useful Formulas

Relativistic energy: E = \/p2c? + m2ct
SEMF coefficients:a, ~ 15.5MeV, a, =~ 16MeV, a. =~ 0.7TMeV, a,ym ~ 23MeV, a,, =~ 34MeV.

-, aconstant).

Spin-orbit interaction V;, = ‘;2
Fermi’s Golden Rule: W = 2Z (¢ |V |4;)[*p(E¥)
Gamma Decay Estimates for the rates of different electric multipoles (energies in MeV):

- ME1) =1.0 x 10" A2/3E3 -A(M1) = 5.6 x 1013 F3
- ME2) = 7.3 x 107AY3E° -M(M2) = 3.5 x 107 A2/3EP

MNE3) = 34A%E7 -A(M3) = 16A*3E"

ME4) =1.1 x 107°A8/3E° -A(M4) = 4.5 x 1076A?E?
Cross Sections
Differential cross- sectlo neg 453’“’73 Doubly differential cross sectmqm
Coulomb :o, = 277r2Z = 2 1n A (with r, = 477150 im ~28fm —or4rr? ~ 1barn—andn A ~ 10)
Stopping power:-4Z = 5.n, AE. Rutherford'stg = (jfjo) (4T,)2sin™* (%)
Rayleigh:or = §7rr2“’ Thomson'ch = %771"2

Compton:o 22k (1 — cos¥).

Number of coII|S|ons to reach neutron thermalization

lH 2H 4H€ 120 238U
18 25 43 110 2200
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Figure 3: Shell Model
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