MICHIGAN STATE

Week 5 Lecture 2 — Alpha Decay UNIVERSITY

Decay Processes

-- Alpha Decay revisited
--- Energetics & Tunneling
--- Angular momentum

-- Beta Decay revisited

4th Homework due Monday

Extreme Nuclear Shapes,
Oak Ridge National Lab



Energetics of Alpha Decay

Careful investigation of the energetics of alpha emission from heavy nuclei quickly
leads to a conundrum. The typical energy released (Q-value) for these decays is on
the order of 5 to 6 MeV — this energy is sufficient to use the alpha particles to induce

nuclear reactions on the light elements. For example, the first nuclear reaction ever
studied in the lab was *He?* + 14N = 170* + 'H* observed by Rutherford (1919) and

the first reaction to make a radioactivity, He?* + 2’Al = 30p* + 1H* | was carried out by

the Joliot-Curies (1934).
However, the naturally emitted alpha particles have never (and will never) be able to

induce nuclear reactions on heavy elements.




MICHIGAN STATE

Half-lives in Alpha Decay UNITVERSITY
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Geiger & Nuttall (1911) observed a correlation
between the energy of the emitted alpha particle
and the half-life for the natural decay series (E-E
alpha emitters). The overall correlation is shown
below at the left ... but they reported a straight-
line correlation similar to that shown below.
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“Tunneling” in Alpha Decay

The explanation for the observation of alpha decay in
heavy nuclei comes from a fundamental and general

property of qguantum mechanical systems. Not only to we /\ o
have to be careful to have half-integer multiples of the |||/ |
standing waves, we have to pay careful attention to the /

| | Cartoon of

shape of the potential energy well, including the edge. alpha particle wavefunction

A feature of Quantum Mechanical particles and their wavefunctions is that they are only
“completely contained” by an infinite potential energy. If the barrier is not infinite then
there is always some probability that the particle will cross the barrier. This process is called
QM tunneling. The wavefunction in a finite potential will have three parts, a large part
inside, an exponentially decaying part under the barrier, and a small part outside.

The probability that the particle gets out — or the decay constant — depends on
the product of two terms: A = (rate of trying) (function of barrier thickness)
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Details in Section 7.2 of the textbook.



e 1€ The general comparison of the theory to
oL ) the data shows something is missing,
S | — Chaat R calculated T,, is always shorter than the
b e, N measured value by about a factor or 50.
z ) ) (calculated A is too large)
R . -
o Bad assumption: alpha particle was already
L P S 1 there inside the nucleus going back and
s Rumber & forth trying to get out !

Figure 7.7 Plot of the ratio of the calculated partial a-decay half-life for ground-state / = 0
transitions of even—even nuclei to the measured half-lives. The calculations were made using

the simple theory of o decay.

None the less we can estimate the effect of T oy 202D "
decay between states with different angular N / 2Myr?
N 27e%

momenta ... Vi) =

¥

Energy

Increasing the angular momentum carried
by an alpha particle will decrease the .
amount of kinetic energy available to cross
the coulomb barrier. “Centripetal potential”




Why emit alpha particles anyway?

Recall that the energy available compared to

the coulomb barrier for the decay controls the
alpha decay process.
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Binding energy per nucleon for the stable isotopes:

-- grows rapidly with mass up to ~56, then slowly declines
-- approximately smooth function on large scale

-- definitely not smooth on fine scale
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Imagine nuclei emitted from 238U -
Emission Z A Q R-12 V. c 140
(MeV)  (fm) (MeV) 120 4 %0 -
neutron 0 1 -6.1544  8.64 0.0 ==\ c
Hydrogen H 1 1  -7.6199 8.64 153 | 3 B
H 1 2  -11.177 8.95 14.8 §—> 80
Helum He 2 4 427 934 283 | T 60
Lithum L 3 6 -5.928  9.62 413 | @ 49 /
Berylium Be 4 9 3398 9.93 53.3 20 -
Boron B 510 1.978 10.02 66.0 0 - < >
Carbon C 6 12 18.539 10.18 78.0
Oxygen O 8 16  29.046 10.46  101.2 -20 | | | | | |
Neon  Ne 10 20 41351 10.69 1238 0 2 4 6 8 10 12
Sodium Na 11 23 54.569 10.85  134.2 Atomic Number (2)



