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160 CHAPTER 13. RADIOACTIVE DECAY

One may easily verify that:

dE |¥i(Z, E)* = |%(@) . (13.53)

-0

13.3 Production and Decay of Radioactivity

Secular equilibrium
Consider a beam of radiation, with intensity I, that impinges upon a block of material

containing nuclei of type “0”. There are Ny nuclei in the target to start, and the external
radiation activates the material, producing nuclear species “1”. We make two assumptions:

1. The target is “thin enough”, so that the external radiation is not attenuated.
2. The irradiation is weak enough so that Ny does not decline.

With these assumptions, R, the rate of production of N, is given by:

R=1IoN,, (13.54)

where ¢ is the radioactivity production cross section.

The differential equation describing the production of N, is given by:

dN; = Rdt — \Nydt (13.55)

where ), is the decay rate of nucleus “1”. Solving (13.55):

N1+A1N1 = R
(N 4+ MN)eMt = ReMt

_d_ 1ty Mt
dt(Nle" ) = Re
Nyt — Ny(0) = B‘E(e’“‘—l)
1
Ny = MOt = (11— N
1

N = NI(O)e-’“‘+A§(1-e~*1‘). (13.56)
1
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Usually the target contains no activity at ¢ = 0. If N(0) = 0:

N = —(1-eM)
A1

A = R(l-e™Y). (13.57)
Condition Beam A, (t) Description
MLlie tLT ON R\t initial production
Mt>1lie t>»7T |ON ' R secular equilibrium
t > to, tp is arbitrary | OFF (at t = tp) | Ni(to)h1e~ M%) | decay of activity
t2to>7 OFF (at t = to) | RAYA f wy

During the condition of secular equilibrium, the rate of production is the same as the rate of |
decay, producing an unchanging number of radioactive daughter nuclei. (There will be some
statistic fluctuation of this number.)

A depiction of a nuclide reaching secular equilibrium is show in Figure 13.3.

A real-life engineering application
A typical engineering challenge, in the area of creating radioactive sources, is to minimize
the cost of producing a given amount of activity. We model this as follows:

The cost, C, per unit activity, factoring start-up costs, Sp, (manufacture of the inactive
source, delivery costs, operator start-up and take-down), and the cost of running the accel-
erator or reactor, per unit meanlife, Ry, is given as follows:

So + Roo

€= 1—e%

- (13.58)

where z, is the number of meanlifes that the target is irradiated.

The optimization condition is given by:

So/Ro =€™ — (1+ o) . (13.59)
For small Sp/Rp, the optimum z¢ = \/2.5'0/}?0; For large Sp/Rp, the optimum zy =
log(So/ Ro)-
The solutions for the optimum value of zp can be obtained from Figure 13.4.

The figure has been split into two parts, zp < 1 for which Sp/Rp is shown, and 7y > 1 for
which log(So/Rp) is shown. The approximations discussed above, are plotted as dotted lines.
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Rise to secular equilibrium/early beam shut-off

|
!
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1.2 : +— = initial rise H
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Figure 13.3: A nuclide reaching secular equilibrium is depicted. Also depicted are the decays
of the source once the beam is shﬁ off at ¢t/ =1,2,3,4,5.
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Optimum irradiation time

So/Rg or log(Sy/Ry)

-
=
b

-

) 0.5 1 1.5 2 25 3 35 4 45 5
Xo

Figure 13.4: Optimization curves for determining 7, as a function of a = Sy/ Ry.
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13.5 Types of Decays

Details are covered elsewhere in this course. Here we just give a list.

a decay

This is the form employed when an accurate mass calculation is to be performed. Electron
masses cancel, and the small differences in electron binding energy are ignored.

2XN —%22 X o +3Hes .
Usually the following shorthand is employed:
A 4 X' 4a.

To come, more details on ...
Applications of a-emitters:

o “Gadget” initiators (a-decay followed by n-emission.)

e Search for superheavy elements. See
http://t2.1anl.gov/tour/shn.html

e Smoke detectors.
e Power generation in space probes and artificial hearts.
o Unsealed source radiotherapy.

e Can be used to reduce static cling. (Really! I’'m not kidding! The real question is

“How?”)
B decay

n — pte +7, B~ decay

/Z;XN - Z-flxll\'-l +e +7,
p — nt+et+y, B decay

Xy — 20X e+

pt+e — n+, electron capture ()
An — ZfIX;V+l + Ve



&

168 CHAPTER 13. RADIOACTIVE DECAY

A free neutron will 8~ decay with a meanlife of 886.7(8) s. A neutron in a nucleus will 8~
decay, but only when that process is favorable energetically.

Free protons do not decay, that is, it has never been observed. Proton decay is predicted by
Grand Unified Theories (GUTs). However, the predicted probability of decay is exceedingly
small. A lower bound for proton decay has been cstablished experimentally, setting the
half-life at greater than 6.6 x 103 years. This is interesting, but of little consequence for
Nuclear Engineering. Protons in a nucleus, if favored energetically, do 8+ decay.

Finally, there is a process called electron capture, (€), or K-capture, whereby a proton in a
nucleus captures an orbital electron (usually from a 1s atomic orbital, and converts itself to
a neutron.

All these process result in a electron neutrino, v., or an electron antineutrino, V.. By con-
vention, antiparticles, like the antiproton, B, and the antineutron, 7, are written with an
overline ~ or an “overtilde” ~. There are exceptions to this rule. The positron, et is the e™’s
antiparticle. However, it is never written as e .

To come, more details on ...
Applications of f-emitters:

o Betavoltaics (non-thermal) (long-life, low-power batteries).
¢ Radiotherapy (brachytherapy).

¢ PET (Positron Emission Tomography.)

¢ Radiopharmaceuticals.

e Quality assurance in large-scale paper production.

o Irradiation of domestic ruminant (cattle, goats, sheep, bison, deer, camels, alpacas,
llamas) behinds to cure the effects of “fly strike”. (I'm not kidding about this one
either.) (And I'd really rather not delve into the details of “fly strike”. Kindly google

this one on your own.)
~ decay

Axt —_ AX+’)’

Here, a nucleus in an excited state, denoted by the asterisk, decays via the -y process, to a
lower excited state, or the ground state. All nuclei that are observed to have excited states,

(A > 5), have v transitions.
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To come, more details on ...
Applications of y-emitters:

e Basic physics: Nuclear structure, astrophysics.

¢ Radiotherapy, 8Co, ¥37Cs, brachytherapy..

¢ Sterilization of pharmaceutical products, food.

¢ Imaging vehicles for National Security Administration purposes.
¢ Industrial quality assurance.

¢ Discovery of oil. (Oil-well logging.)

e

Internal conversion Q)

&

X -
Ky — Xnv+o=

Here, a nucleus in an excited state, de-excites by exchanging a virtual photon with a K-shell
electron in a “close encounter” with the nucleus. The electron acquires the de-excitation
energy and exits the nucleus. :

Nucleon emission

XN — $TXn+p

Kn — XN +n

To come, more details on ...
Applications of nucleon emitters:

o Iission.
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Spontaneous fission

Xy — > il 4575 X
i

Here a nucleus fractures into 2 (equation shown) or more (equation not shown) nuclei. This
is similar to “normal” fission, except that it occurs spontaneously. Generally a spectrum of
nuclei result, with the probabilities given by the ¢ coefficients.

Cluster decay

A itjy | A—i=j
XN — X425 XN

where 2,7 > 2.

From: ‘
http://en.wikipedia.org/wiki/Cluster_decay!...

Cluster decay is a type of nuclear decay in which a radioactive atom emits a cluster of
neutrons and protons heavier than an alpha particle. This type of decay happens only in
nuclides which decay predominantly by alpha decay, and occurs only a small percentage of
the time in all cases. Cluster decay is limited to heavy atoms which have enough nuclear
energy to expel a portion of its nucleus.

13.6 Natural Radioactivity

Not covered in 312

13.7 Radioactive Dating

Not covered in 312
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13.8 Units for Measuring Radiation

Some useful radiometric quantities are listed in Table 13.1, along their traditional (outdated
but still in some use), along with their new, almost universally adopted, SI2.

Quantity Measures... Old Units | New (SI) Units
Activity (A) decay rate curie (Ci) | bequerel (Bq)
Exposure (X) - ionization in air rontgen (R) | C/kg

Absorbed Dose (D) Energy absorption rad gray (Gy = J/kg)
Dose Equivalent (DFE) | Radiological effectiveness | rem sievert (Sv = J/kg)

Table 13.1: Units for the measurement of radiation

SI units Definition Notes:
Bq 1 “decay” /s derived
Gy 1J/kg derived
Sy 1J/kg derived
“Traditional units | Conversion Notes:
Ci 3.7 x 10" Bq (exactly)
R 1 esu/(0.001293 g) = 2.58 x 10~* C/kg | Charge/(1g) of dry, STP air
rad 1 ergs/g = 1072 Gy
rem 1 rem = 102 Sv

Table 13.2: Conversion factors

A derived unit is one that is based upon the sever base units in SI, namely: m, kg, s, A, K,
mol (mole), cd (candela, luminosity).

Activity

Activity (LA) has been covered already. However, the units of measurement were not dis-
cussed. The traditional unit, the curie, (Ci),was named in honor of Marie Curie, and the
modern unit in honor of Henri Bequerel.

28] stands for le Systéme Intenational d’unité, that was adopted universally (almost) in 1960. For more
information, see: http://en.wikipedia.org/wiki/SI units. SI is an abbreviation of a French-language
phrase. France also houses the international metrology, the BIPM (le Bureau International des Poids el
Mesures.) See, as well, http://en.wikipedia.org/wiki/BIPM.
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Exposure

Exposure, given the symbol X, is defined as
AQ
= lim —% 13.66
X Alglngl.o Am’ ( )

where AQ is the amount of charge of one sign produced in, dry, STP air. (NIST definition:
STP at STP: 20°C (203.15 K, 68°F, and an absolute pressure of 101.325 kPa (14.696 psi,
1 atm).) There are no accepted derived SI unit for exposure. Exposure measurements are
probably the most accurately measured radiometric quantity.

Absorbed Dose

Absorbed dose measures the energy absorbed in matter, due to radiation. The traditional
unit, the rad, has been supplanted by the Gy.

Dose Equivalent

The tradition unit, the rem (for réntgen equivalent man) and its modern counterpart, the
Sv, attempts to accounts for the radiological damage from different “qualities” (species of
particle imparting the dose) of radiation. Quality factors dependent on the energy of the
radiation and are given in Table 13.2. The conversion from D to DE is given by:

DE=)_ / dE D;(E) x QF,(E) , (13.67)

where we sum over radiation types, and integrate over the energy of the radiation that
imparts dose.
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Radiation ﬁ_ Energy QF
“X-rays, v, €&, pF all 1
p (non-recoil) > 1 MeV 5
n < 10 keV 5
10-100 keV 10

10 keV - 2 MeV | 20

2-20 MeV 10
' >20 MeV 5

a, fission fragments, heavy nuclei | all 20

Table 13.3: Units for the measurement of radiation
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